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Abstract 
 
The rare-earth-metal-oxide based electronic materials were produced via a conventional 
mixed-oxide route. Thermal analysis, XRD and SEM were used to follow phase evolution 
and demonstrate the phase purity. Analytical TEM were used to analyze crystal structural 
defects and to track the presence of secondary phases, especially at grain boundaries. A 
crystal structure determination was also performed. Phonon modes were analyzed with 
FTIR and Raman spectroscopies and correlated with the origin of dielectric permittivity 
(εr) and radiation losses (tan δ) characteristics.  
In some compound and mixed compound Raman band mode exist, but this band is absent 
in simple perovskite indicating that this band is associated with distribution of B-site 
cations ordering. Some of compound shows long range order in B-site, while it does not 
present in other material. 
A photo-acoustic sampling technique in conjunction with the FTIR spectroscopy was 
employed, allowing the analysis of neat materials with minimal sample preparation. 
Measurements of the quality factor (Qf), εr and the temperature coefficient of the resonant 
frequency (τf) characteristics were made at the microwave resonant frequency using a 
vector or network analyzer. 
 
These perovskite have low tolerance factor because of considerable size misfit of 
constituting atoms. For determination of atomic size and characterization of constitution 
atoms, the test of samples and Rietveld refinement using GSAS programs were used to do 
this examination. These materials have attractive dielectric properties are being evaluated 
extensively for substrates for multi-chip-module (MCM) devices and microwave 
telecommunications.  
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List of Symbols and Abbreviations 
 
Absolute permittivity    m/F1085.8 12  
Angular frequency    rad/s 
Angular resonant frequency   rad/s 
Area   A 2m  
Avogadro constant  NA 123 mol 100225.6   
Bohr magneton  B  
124 JT10274.9   
Bohr radius   ao 5.2917× 1110 m 
Boltzmann constant  Bk  
123JK103805.1   
Capacitance   C Farad 
Capacitive reactance  Xc Ohm 
Charge to mass of ratio for electron e/m Ckg107588.1
111   
Complex current   *I  Ampere 
Compton wave length of electron λc,e 2.4262× 1210  m 
Compton wave length of proton λc,p 2.4262× 1510  m 
Coulomb constant   eK  
229 CNm 109874.8   
Current density  J Electrical filed  
Density     g/ 3cm  
Dipole moment  PD  C.m 
Electric charge  q Coulomb 
Electric current   i Ampere 
Electric Current  I Ampere 
Electric field   E V/m 
Electric flux density  D 2m/C  
Electric potential difference  U Volt 
Electrical resistance  R Ohm( ) 
Electron rest mass  me 9.1091× 3110 kg 
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Elementary charge  e 1.6021× 1910  C 
Enthalpy   H Joules per kilograms 
Entropy   S Atomic disorder 
External quality factor  eQ  Dimensionless 
Faraday constant  F 9.6487× 410 C 1mol   
Frequency   f Hz 
Gas constant   R 8.3143 11molJK   
Gravitational constant  γ 6.670× 1110  22 kgNm   
Impedance   Z Ohm 
Inductance   L Henry  
Inductive reactance   XL Ohm 
Initial phase of harmonic motion    Degree 
Input power    inP  Watt 
Insertion loss  IL dB 
Linear velocity     m/s 
Loaded quality factor  LQ  Dimensionless 
Magnetic constant  mK  1.0000×
710  
2mkgC    
Magnetic field  B Tesla 
Magnetic flux  B  Weber 
Neutron rest mass  mn 1.6748× 2710  kg 
Number of charge that is displaced Ze  C106.1mkgsA
191142    
Permeability constant   o  1.26 
610  H/m 
Permittivity   
o
  8.85 1210  F/m 
Plank constant  h 6.6256. 3410  Js 
Polarization   LP  
14212 kg.s.AV.m.C    
Potential difference of couple Ve  Ohm 
Power dissipation conduction Pc Watt 
Power dissipation dielectric Po Watt 
Power dissipation radiation Pr Watt 
Power loss in the resistor  lossP  Watt 
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Quality factor   Q Dimensionless 
Quality factor conduction  Qc Dimensionless 
Quality factor dielectric  Qd Dimensionless 
Quality factor radiation  Qr Dimensionless 
Quantum charge ratio  h/e 4.1356× 1510 1JsC   
Relative Permittivity   r  Dimensionless 
Stored electric energy  elW  
22kgCm   
Stored magnetic energy  mgW  
11Ckgs   
Surface charge density    charge per unit area 
Susceptibility    Dimensionless 
Temperature coefficient of dielectric constant TC  
1ppmK   
Temperature coefficient of dielectric permittivity   C/ppm

 
Temperature coefficient of resonant frequency 
f  C/ppm

 
Temperature   T C  or K  
Tolerance factor   t Dimensionless 
Transverse Electric  TE Electric and magnetic field 
Transverse Electromagnetic TEM Electric and magnetic field 
Unloaded quality factor  Q  Dimensionless 
Velocity of light  c 2.9979× 810 1ms
 
Voltage drop   cV  Volt 
Voltage   V Volt 
Wavelength     nm 
 
μBBo = 1 eV Bo = 6.7 ×
310  T 
ћ = h/2π 1.055 3410  Js 
ћω = 1 eV ω=15.2× 1410  rad/s 
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1. Literature Review Development of Dielectric Materials 
 
This review is the performance of microwave dielectric materials, ferroelectric and other 
related materials which are based on BaTiO3.  
This is a chronological approach from the earliest time to more recent years. This 
systematic approach shows the methods of preparation of materials, research procedures as 
well as applications of prepared materials.  
Dielectric and ferroelectric properties of Rochelle salt have been monitored to mark out 
and ascertain a new method for developing and discovering a novel material with superior 
dielectric and ferroelectric properties. 
 
Early navigators were familiar with magnetic behavior of ferromagnetic magnetite 
(Fe3O4)
1
 The rough dielectric properties of BaTiO3 were discovered on ceramic specimens 
independently by Wainer and Solomon in 1942
2
, by Ogawa
3
 in 1944, and by Wul
4
 in 1945.  
The first application of ceramics in the electrical production took place because of its 
reliability when exposed to extremes of weather, as well as its high electrical resistivity.  
 
The ferroelectric activity of BaTiO3 was reported independently by Von Hippel
5
 in 1944, 
and by Wul
4
 in 1946. The basis of electromagnetic theory was expressed in a formula by 
James Clerk Maxwell
6
 who hypothesized from mathematical considerations, that light was 
a formation of electromagnetic waves. Heinrich Hertz in 1887-1891, discovered that 
electromagnetic waves travel at a finite velocity
7
.  
The application of ceramics for electrical devices was developed in 1887, when Lord 
Rayleigh (John William Strutt)
8
, showed that an infinitely long cylinder of dielectric 
material can act as a guide for electromagnetic waves.  
Most of the methods for measuring dielectric and magnetic properties of materials at 
microwave frequencies fall into the following categories: Perturbation techniques, Optical 
methods, Transmission line methods, and exact resonance methods. The perturbation 
techniques have particularly been used in ferrite measurements, where a small piece of the 
material to be measured, either in the form of a disk or a sphere, is placed in a metallic 
resonant cavity, operating in a known mode and shift in resonant frequency, and the Q of 
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the structure’s noted9,10. Optical measurements at frequencies11 other than Microwave are 
essentially suited for measurements below a wavelength of one centimeter. Transmission 
line techniques have been applied widely
12,13
 but they have the disadvantage of a small 
waveguide size used below 4 mm in size. All of these methods have a limited accuracy, in 
the order of ± 0.1 percent, in the level of permittivity and permeability obtained. Later on 
an exact resonance method had been proposed by Karpova
13
, which resulted on better 
accuracy. In this method, a circular disk of material to be measured is inserted in the gap of 
an arc-entrant cavity of known dimensions, and the resonant frequency and Q of the 
structure is measured; from which the dielectric constant and loss tangent are obtained. 
(There are huge amounts of different measurement systems for r  and Q; some of them 
are suitable for low r  or extra low tan δ materials; some are more accurate than others, 
depending on material parameters). 
 
With the discovery of barium titanate BaTiO3, the study of ferroelectrics increased rapidly 
during the Second World War, after that, came a period of quick developments with more 
than hundreds of ferroelectric identifications within the next decade, including lead 
zirconate titanate, the most widely used piezoelectric transducer; about ten years later, the 
concept of soft-modes and order parameter led to the period of “high science” in the 
sixties. 
Neutron experiments verified the soft-mode concept and led to the detection of several 
peculiar inappropriate ferroelectrics, such as gadolinium molybdate. In the years seventy to 
seventy nine, there came the period of an increase in the variety of the products in which 
electronic conduction phenomena in ferroelectric ceramics were discovered. 
1.1. Improvement of Dielectric material 
 
Potassium Sodium tartrate tetrahydrate KNaC4H4O6.4H2O, also known as Rochelle salt, 
has been used for over 200 years. Its physical properties began to be noticed and provoke 
interest later in the nineteenth century. In 1824, Brewster
14
, had observed the phenomenon 
of Pyroelectricity in various crystals. In 1880, the brothers Pierre and Paul–Jacques 
Curie
15
, were doing research to define more physical properties of Potassium Sodium 
tartrate tetrahydrate. This work established and developed the existence of the piezoelectric 
effect and correctly identified Rochelle salt and a number of other crystals as being 
piezoelectric.  
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Pockels
16
, seems to be one of the first to discover the dielectric responses in Rochelle salt, 
and such a study later becomes one of the main investigative methods for funding new 
electronic materials work.  
The most important programs on piezoelectricity were the result of a discussion between 
Sidney Lang
17
, and Walter G. Cady, in a meeting in 1917, which became a central point in 
a very important piezoelectric discovery.  
 
1.2. A development in Perovskite Materials  
 
Perovskites are a great group of crystalline ceramics, which obtained their name from a 
specific mineral known as perovskite. 
The essential material perovskite was first described in the year 1830, by the geologist 
Gustav Rose, who named it after the famous Russian mineralogist Count Lev Alekseevich 
Perovski
18
. Wainer, and Solomon
19
, and their collaborators found the ceramic perovskite 
dielectric in the 1940s.  
 
Around the year 1945, R.B.Gray
20
, was operating with piezoelectric ceramic transducers. 
He was one of the first who had an obvious understanding of the significance of electrical 
poling in the set up of a remnant polar domain arrangement in the ceramic, and 
consequently giving a strong piezo response. 
 
It is perhaps difficult now to understand the absolutely innovative thoughts which were 
required at that time to accept even the possibility of piezoelectric response in an 
arbitrarily given polycrystal, and it is perhaps not surprisingly that for some time, 
disagreement rant and raved as to define whether the effect was electrostrictive
21
 or 
piezoelectric
22, 23
.  
 
The disagreement was successfully determined by Caspari and Merz
24
, in their 
demonstration of the pure piezoelectricity in untwined barium titanate single crystals. In 
the earliest studies the ceramics used were largely BaTiO3, and poling was carried out by 
cooling electrode samples, through the Curie temperature, around 120 C, under a 
substantial biased potential; the most favorable condition for individual formulation being 
recognized by trial-and-error methods
25
. 
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During the 1950’s, the ceramic piezoelectric transducers based on barium titanium oxide 
were becoming well established in several places, such as in the use of civil and military 
applications. There was an actual requirement to increase the stability of barium titanium 
oxide against depoling which accompanied traversing the 0 
o
C phase transition in pure 
BaTiO3.  
 
A number of composition manipulations have been tried to improve these problems, and 
two of them are still in use. In the early 1950’s, people examined other ferroelectric 
perovskite compounds based on BaTiO3 ceramics for transducer applications. Some basic 
work on pure PbTiO3 and on the PbZrO3 solid solution system, and the outline of the phase 
diagram, was carried out in Japan by Shirane  et.al.
26
 and Sawaguchi 
27
.  
 
The main research, which established the PbTiO3:PbZrO3 (PZT) system as especially 
appropriate for the formulation of piezoelectric in this composition system, and was carried 
through by Jaffe and other collaborators
28, 29
. Over the next ten years, major developmental 
emphasis was with the lead zirconate-lead titanate solid solution ceramics. An outstanding 
explanation of this work has been given in the book Piezoelectric Ceramic
30
. The research 
work by Smolenskii and Agronovskaya
31
 in 1950, provided a large group of lead-
containing, perovskite compounds and a material of complex compositions. Naturally, a 
number of these Pb(XY1- )O3 materials tried as third components to adjust to the system 
of PbTiO3:PbZrO3.  
  
Some of these new materials did show practical advantages in particular apparatuses; in 
general, the properties are not very different from those of PZT. 
In recent years the interest in microwave dielectric materials with high dielectric 
constant r , high unloaded quality factor (Qo) and a temperature coefficient of resonant 
frequency (
f ) of zero, has continued to grow because of their applications in mobile 
communications and satellite broadcasting
32
.  
Lately, the crystal structure of La (Zn1/2Ti1/2)O3 (LZT) was defined
33
. LZT has been found 
to have a monoclinic structure, a space group of P21/n, with a lattice constant of a = 
0.78943 nm, b = 0.55959 nm c = 0.55805 nm, and β = 90.03. The Zn+2 and Ti+4 sites are 
ordered on {110}. In addition many grains show {211} twinning. 
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The microwave properties of La(Zn1/2Ti1/2)O3 shows relative permittivity of 36000 and 
-1ppmK -70f . The measured value of Q is lower than previously reported.  
The dielectric and microwave properties of Nd(Zn1/2Ti1/2)O3 (NZT) was for the first time 
defined experimentally
34
, NZT has r = 36, Q = 42300 and f = -47 ppmK
-1
. As the 
tolerance factor for NZT (t = 0.916) would be lower than might be expected in a 
perovskite; it is logical to question whether a perovskite, even if severely tilted, would be 
stable with this composition. The NZT crystal structure is unclear; there was a report that 
shows that the NZT has a crystal structure similar to ilmenite
34
, while in another report 
Ching-Fang
35
 et.al. and co-workers, mentioned a ceramic with monoclinic crystal structure 
could be proposed for NZT with r = 29.1-31.6, Q = 56700-170000 at 8.5 GHz, when the 
temperature is in the range of 1300 to 1420 C . The result shows that the crystal structure 
of NZT is not fully defined. There should be a TEM and Neutron Diffraction test to be able 
to certainly define this structure.  
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1.3. Conclusions 
 
The history of dielectric and ferroelectric of Rochelle salt and potassium sodium tartrate 
tetrahydrate have summarized to outline a new method for developing and discovering 
novel materials with higher dielectric and ferroelectric properties. With the number of 
applications that have been developed in the last three decades; only in the U.S. and Japan, 
has the microwave dielectric filter market conservatively estimated a growth of $600-800 
million
36
. 
 
Resistors, dielectric insulators, metal interconnections, piezoelectric and transducers were 
developed from multilayer structures of dielectric materials, miniaturized, on a scale of sub 
millimeters, in an integrated system for three dimensional ceramic circuitry types. 
 
The description of experimental work and preparation of some materials described in these 
studies, shows that supplementary progress will be the result of the future.  
 
The science of dielectric and semiconductors in electroceramics continuously are growing. 
Lately, many new materials have been prepared via the modified mixed oxide method. The 
laboratory tests have shown that these materials have potential to be used as dielectric 
materials for microwave telecommunications. 
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1.4. Recent Research development 
 
In the recent years, the interest in microwave dielectric materials with high dielectric 
constant
r , high unloaded Q and a temperature coefficient of resonant frequency f  of 
zero has continued to grow because of their applications in mobile communications and 
satellite broadcasting
37
.  
Microwave dielectric materials are divided into two groups according to the values of 
dielectric constant r  and quality factor Q. One group of materials with high dielectric 
constant 
r =80-90 and low quality factor Q =5000 is based on BaO-Re2O3-TiO2 (Re = rare 
earth) and (Pb,Ca)ZrO3 systems
38,39
. 
 
The other group is based on the dielectric materials with low 
r  and high quality factor Q 
based on the Ba(Mg,Ta)O3 r = 25, Q = 16800 at 10.5 GHz
40
 and (Zr,Sn)TiO4 r =36,  
Q =6500 at 7 GHz
41,54
 systems. However no study on the dielectric materials with 
intermediate r = 50-60, high Q and f  of zero has been performed. However these 
classifications are according to Dong Hun et.al.
42
 . 
The microwave dielectric properties of the complex perovskite compound La(Zn½Ti½)O3  
(LZT) and the effect of ZnO evaporation on the quality factor was investigated by Cho 
et.al.
43
. Their result showed that ZnO evaporation was related with increase in quality 
factor. The comparison between weight loss and XRD data showed that defect was 
induced in samples sintered in air. Recently, the microwave dielectric properties of LZT 
were reported
44
, it shows permittivity of 34, quality factor of 6000 at 10 GHz, and 
temperature coefficient of resonant frequency of -55 ppm / 
o
C. 
Several perovskite oxides having the general formula A(B’B”)O3 have been developed as 
microwave dielectric materials because of their high quality factor
45
. For example, 
Ba(Zn1/3Ta2/3)O3 which has a permittivity r =30, quality factor Q >75000, and temperature 
coefficient of resonance frequency f  = 1 ppm / 
o
C. Most complex perovskites 
investigated as dielectrics have ions with +2 charge on the A sites. Lanthanum also has 
been introduced in the A site of perovskite structure with two ions in the B sites. The 
microwave dielectric properties of these compounds have not been examined although 
electrical properties of some compounds were reported
43
. For example, La(Ni½Ru½)O3  
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La(Li½Sb½)O3 show semiconducting properties
46, 
,while La(Mg½Ti½)O3 (LMT) has 
relative permittivity of 27 and tan <0.0001 at 1 MHZ
Error! Bookmark not defined.
. Other 
investigations of La(Mg½Ti½)O3 showed that r =27.4-29, Q = 63100-75500 GHz and -
74≤ 
f ≤-65 ppm/
o
C. The crystal structure of LMT was intensively studied
Error! Bookmark not 
defined.,Error! Bookmark not defined.
and recently it was finally confirmed that at room temperature 
LMT has a high B-site ordered structure, which is best described in the monoclinic P21/n 
space group
47
. 
Recently, the microwave dielectric properties of (LZT) were reported
 48
. It shows 
r of 34, 
Quality factor of 6000 at 10 GHz, and a temperature coefficient of resonant frequency of -
55 ppm/ 
o
C. Clearly these materials show potential as filter for mobile microwave 
telecommunications. These ceramics fulfill the requirements of high permittivity and 
extremely low dielectric loss and low temperature coefficient of resonant frequency
49
. LZT 
ceramic powder can be sintered from 1400 ºC to 1550 ºC prepared by conventional solid-
state reaction; however, this process is complicated because of ZnO evaporation.  
 
2. The Electromagnetic radiation Spectrum
 
 
Microwaves are produced by transferring the kinetic energy of moving electrons to the 
electromagnetic energy of the microwave fields. This process typically occurs in a 
waveguide or cavity, the role of which is to modify the frequency and spatial structure of 
the fields in a way that it is as functional as possible, the energy elimination occur from 
certain natural modes of oscillation of the electrons. In analyzing this process, this will 
connected with two conceptual entities:  
1) The normal electromagnetic modes of the waveguides and cavities and the natural 
modes of oscillation of electron beams and layers.  
The two exist approximately independently of one another except for certain values of the 
frequency and wavelength.   
It is required to consider the electromagnetic fields within waveguides and the spatial 
configuration of the fields and the relationship between the oscillation frequency and 
wavelength are important factors. Therefore, a brief background of electromagnetic 
Spectrum will be described in this section. 
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Spectrum of electromagnetic radiation can be classified according to their sources, these 
waves’ covers a wide range of frequencies of wavelength typically these waves are:  
 
I. Radiofrequency waves  
These have wavelengths range from 0.3 to a few kilometres and its frequency is from a 
few Hz up to 10
9
 Hz.  
The photons energy of Radiofrequency (RF) waves started from approximately zero up to 
about 10
-5
 eV. The applications of these waves are in television and radio broadcasting 
systems and generated by electronic devices, mainly oscillating circuits.  
 
II. Microwaves  
Microwaves can be regarded as short radio waves with typical wavelength of 1mm to 1 m. 
The frequency range is from 10
9
 Hz up to 3 × 10
11
 Hz. The photons energy is around 10
-5
 
eV up to 10
-3
 eV.  
They are usually produced by oscillating electric circuit, for in microwave ovens. These 
waves have many applications for example in Radio Detection and Ranging (radar), 
telecommunication systems, as well as in the analysis of very fine details of atomic and 
molecular structure. The microwave region is also designated as UHF (ultrahigh frequency 
relative to radio frequency).  
 
III. Infrared spectrum.  
 
Atoms or molecules are emitting infrared radiation, when they convert or change 
their rotational or vibration motion. 
The wavelengths are covering from 10
-3
 m down to 7.8× 10
-7
 m. The frequency range is 
from 3 ×10
11
 Hz up to 4×10
14
 Hz and the photons energy is started from 10
-3
 eV up to 
about 1.6 eV.  
 
Infrared radiation has three subdivisions:  
 
Far infrared, from 10
-3
 m to 3 × 10
-5
 m, the middle infrared, from 3 × 10
-5
 m to 3×10
-6
 
m, and the near infrared, extending up to about 7.8×10
-7
 m. The infrared radiation 
sometimes called heat radiation because it is related to heat transfer when object gain 
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or loses internal energy. These waves are produced by molecules and hot bodies.  
They have numerous applications in medicine, industry astronomy, etc. 
 
IV. Light or Visible spectrum 
 
Light is a narrow band and this electromagnetic radiation is sensitive to eyes 
retina. Their wavelengths are from of 7.8 × 10
-7
 m to 3.8 × 10
-7
 m and frequencies from 
4 × 10
14
 Hz up to 8 ×10
14
 Hz.  The photons energy of light starts from 1.6 eV up to about 
3.2 eV.  
The light generated because of interaction between atoms and molecules, this is result of 
an internal adjustment when component are moving, mainly electrons. Because Light takes 
an important of our life for that reason an important branch of applied physics called optics 
has been generated. Optics involves vision and light phenomena, and includes design for 
optical devices.   
The eye sensitivity directly connected to the wavelength of light and this is a maximum for 
wavelengths of approximately 5.6 × 10
-7
 m. A well define wave length or frequency of 
electromagnetic wave is called monochromatic wave, the monos stands for one and 
chromos for color. 
  
V. Ultraviolet rays 
 
These radiations are with wavelength cover from 3.8 × 10
-7
 m to 6 × 10
-10
 m, with 
frequencies from 8 × 10
14
 Hz to about 3 ×10
17
 Hz. The photons energy is from 3 eV to 2 
×10
3
 eV. During the discharge of atoms and molecules, or by thermal sources such as sun 
ultraviolet radiation these waves are produced.   
A large number of ions can be produced by the sun’s ultraviolet radiation in upper 
atmosphere, however, height greater than about 80 km is highly ionized so called the 
ionosphere. 
 When some micro-organisms absorb ultraviolet radiation, they can be destroyed as a result 
of the chemical reactions produced by the ionization and dissociation of molecules. For 
that reason ultraviolet rays are used in some medical applications and also in sterilization 
processes.  
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VI. X-ray 
 
X ray wavelengths are around 10
-9
 m to 6 × 10
-12
 m and its frequencies are between  3 × 
10
17
 Hz and 5 × 10
19
 Hz. The energy of the photons goes from 1.2 × 10
3
 eV up to about 
2.4 ×10
5
 eV. For more information please look at section properties of X-rays. 
Furthermore, X-rays are used for treatment of cancer, since x-rays seem to have a 
tendency to destroy diseased tissue more readily than healthy tissue.  
 
VII. Gamma rays  
 
The Gamma rays have the shortest wavelength. These waves are originated from 
nuclear of atom.  X-ray spectrum upper part overlap with γ-rays. Their wavelength is 
in range of 10
-10
 m to below 10
-14
 m, and frequency of 3 × 10
18
 Hz up to more than 3 
× 10
22
 Hz.  
The photons energy of Gamma rays starts from 10
4
 eV and goes to around 10
7
 eV.  
Absorption of γ-rays may create some nuclear changes, because these energies are of the 
same order of magnitude as those involved in nuclear processes. There are many 
radioactive substances which are producing Gamma radiation, and are present in huge 
amount in nuclear power reactors.  
The most substance are not absorbing γ-rays. However, if they are absorbed by living 
organisms such as human body cells, they can have a harmful effect on the human body.  
In outer space radiation there are electromagnetic waves of even shorter wavelengths or 
larger frequencies, and with photons which are correspondingly more energetic. γ-rays are 
interest area for astronomical research. The radiation with longer wavelength carrying 
photons with less energy, or as a result, this means that, these photons of lower energy 
interacting weakly with material. For example the radiofrequency waves have such kind of 
character.  
 
Waves which have short wavelength (λ), high energy (E) such as x-rays and γ-rays, are 
rarely absorbed in substance; therefore these rays are producing both atomic and molecular 
ionization and in many cases nuclear break-up.  
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(a) 
(b)  
Figure 1. Relates the various sections of the electromagnetic spectrum in terms of energy, 
frequency, and wavelength. Approximate Band designations
50
. 
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2.1. Application of Microwave 
 
The radio frequency (RF) and Microwave are covering the alternative signals as 
shown in Figure 1, it is around 10
6 
Hz to 10
9 
Hz, and the radio frequencies are divided 
to very high frequency (VHF) 30 to 300 MHz, ultra high frequency (UHF) 300 to 
3000 MHz. In comparison to microwave which range from 3 to 30 GHz. As 
mentioned, Microwave wave length is from 1 mm to 1 m. At very low frequency the 
wavelength is high, the electrical wavelength (λ), speed of light (C) and frequency (f) 
connected in following equation λ = c/f. 
Radio detecting and ranging (Radar) system find application in military, commercial 
and scientific fields. Radar is used to detect missile guidance and fire control it 
operates around 2 GHz. Microwave ovens operates around 2.45 GHz and its 
approximation Band designation is around L, S and C Band. US cellular telephone 
which operates in 824-849 MHz with wavelength of 1 cm to1 meter it is functioning 
in ultra high frequency (UHF). TV broadcasting has ultra high frequency and working 
in range of 470 to 890 MHz and in very high frequency (VHF). FM or frequency 
modulated wave are in higher frequency in radio frequency (RF) spectrum. FM radio 
wave goes from 88-108 MHz, it covers very high frequency (VHF) band. Short radio 
wave band goes from very high frequency (VHF) 30 to 300 MHz it covers high 
frequency band. The high frequency and short wave lengths of microwave energy is 
not easy to design, however to design a microwave device it is helpful to consider 
what kind of advantages this could have compare to other wave. First the physical 
size of resonators or antennas has direct connection to gain of signals. For example 
greater bandwidth has direct connection to data transformation and rate. A 1% band 
width at 600 MHz is equal to 6 MHz can produce data rate of 6 Megabits per 
seconds(Mbps) while at 600 GHz a 1% bandwidth is 600 MHz producing 600 
Mbps
50
.  
Microwaves which occupies, upper spectrum of RF waves have higher range of 
applications. Because microwave travels by line of power and lower frequency, 
therefore it does not bent when are passing through ionosphere, therefore it produce 
high capacities which can be achieve in link of satellite and telecommunications. The 
radar antenna size diameter is proportional to their electrical sizes which produce 
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higher antenna gain. There are numerous application of Microwave such as atomic 
and molecular resonances, remote control sensing, heat and medical treatment. 
Mainly microwave and RF are used in wireless network and communication system. 
For example Nordic Mobile Telephone (NMT) system was extended in 1981 in 
Nordic countries mainly Finland and Sweden. Advanced mobile phone system 
(AMPS) was created in USA in 1983 by AT & T and NTT Mobile produced by Japan 
in 1988. They used analog FM modulation in all early systems.  These are called first 
generation mobile phone 1 G. Some years later second generation (2G) which used 
the digital system produced in Europe, Japan and USA 1990
50 
.  
2.2. Dielectric as a filter material 
 
The electrical circuit operation can be controlled by using dielectric materials as a 
filter material. The filter can be for example a piezoelectric material such as SiO2 
called quartz which can be used to select between wanted and unwanted signals. The 
dielectric material can absorb energy at resonance frequency
49
; this matter can be 
used to apply the dielectric material as a filter. A filter can be define as a two part 
network used to control the frequency response at certain point in a microwave or RF 
system by providing transmission at frequency within the bandpass and bandstop of 
filter
50
. 
Therefore filter is used to select which frequency band can pass and which must be stop. 
For example the bandpass of piezoelectric device is harmonious to k
2, 
where k is coefficient 
of coupling. 
The value of k is about 0.5 which can pass bands with the resonant frequency of 10% there 
is a sharp cut-off to the bandpass of quartz, because it has very high quality factor, 
therefore, the frequency of quartz oscillators is coupled well with its narrow bandpass. 
PZT ceramics quality factor is around 10
2
-10
3
 so it is not suitable material when a very 
narrow band filter is required. Resonator discs which have vibrating at frequency of 
450×10
6 
Hz must have a diameter equal to 0.0056 m, nevertheless at frequency of 10×10
6
 
Hz its diameter reduced to 0.00025 m which is not practically applicable. 
The equivalent circuit for ceramic material vibrating at near natural frequency is given in 
Figure 2, it shows Impedance falling to near zero according to Inductance L1 and 
capacitance C1 this needs that resistance R1 to be small, the overall impedance is small or 
near to zero. The Co is equal to electrical capacitance of sample. 
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Figure 2. (a) Equivalent circuit for ceramic material vibrating close to resonance; (b) the 
equivalent series component of the impedance of the parallel circuit
49
. 
 
There is balance between L1, C1, R1 and Co in normal condition, when an alternative 
sinusoidal current is applying to the system it start to oscillate with damp harmonic motion 
and because of electromotive force the condition will change. The Inductance L1 acts as 
inertia of mechanical system, the electrical capacitance Co of material will change; Figure 
4 (b) illustrates the impedance of the parallel circuit 
49 
. 
 3. Resonator  
 
Over the past few decades, a tremendous development in the electronic industry has been 
occurred. Dielectric materials have been use extensively in mobile telecommunication as 
resonators, capacitors, and frequency filters.  
Many materials for microwave device applications are based on solid solutions with a 
perovskite structure. By alternating the composition of these materials, by technique such 
as doping it is possible to obtain desirable properties. Some important properties determine 
the usefulness of a dielectric resonator (antenna) as follows:  
The antenna must have a high relative permittivity ( r >30) to enable size reduction or 
miniaturization, the size of a microwave circuit being proportional to 
2/1
r
 . A high quality 
factor (Q>10000) or Q=1/tanδ, low tan means fine frequency tunability and better filters. 
These ceramic components play a crucial role in compensating for frequency drift because 
if the composition itself has low temperature then it will depends on temperature 
coefficient of resonant frequency (
f
 < 10 ppmK-1).  
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In this report two distinct methodologies in describing the miniaturization of antennas for 
wireless applications are described. First method is based on preparation of ceramic 
materials to be able to process and in practical make the materials, test the crystal structure 
systematically to be able to use the miniaturized material in substrate.  
In the second method the effect of electromagnetic wave in resonators as well as gain in 
antenna, effect of the radiation and wave noise and effect of materials on substrate for 
purpose of miniaturization will be described. This method can be used in miniaturization 
of resonant antennas merely by varying the antennas topology. The Effect of 
miniaturization on antenna matching, bandwidth, quality factor, temperature of resonant 
frequency, and utilization of dielectric material will be described.  
3.1. Radiofrequency System on-Package (SOP) 
 
RF denotes the radiofrequency spectrum, which ranges from 300 KHz (0.0003 GHz) to 
300 GHz. The SOP is a system miniaturization technology. The fundamental basis of SOP 
is about integration, which leads to higher performance and reliability, lower cost, and 
reduced size just like in CMOS wafer fabrication. The RF components include inductors, 
capacitors, resistors, antennas, filters, switches, baluns, combiners, and radiofrequency 
identification (RFID) implemented in both ceramic and organic technologies. The FR SOP 
is a miniaturization technology, based on the SOP concept of embedded thin film 
components, for wireless system. The SOP concept has two fundamental bases 
miniaturization and optimization of components between ICs and substrates for 
performance and cost. In today’s RF communications, the volume’s and applications are in 
wireless system and main drivers are cost, functionality, and size reduction. However, in 
the RF front-end section, the situation becomes more challenging.  
The RF system requires unique components, such as filters, low-loss power amplifiers, and 
high linearity RF switches. CMOS is excellent for baseband but is not optimal platform for 
RF front end. Here the SOP offers a solution that cannot be achieved either by SOC or 
traditional SIP technology. In simple terms, SOP combines the best of both baseband and 
RF domain solutions. However, the baseband section is dominated by CMOS technology 
for which Moor’s law for transistor applies and can be taken advantage of, while the RF 
front end is driven more than Moor’s law such as with embedded thin film components for 
antennas, filters, baluns, oscillators, mixers, and amplifiers, which can be package 
efficiently utilizing the SOP concept.  
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Antenna is the key components of any wireless communication system. They are the 
devices that allow for the transfer a signal (in a wired system) to wave that in turn 
propagate through space and can be received by another antenna. The receive antenna is 
responsible for the reciprocal process, i.e., that of turning an electromagnetic wave into a 
signal or voltage at its terminal that can subsequently be processed by receiver. The 
receiving and transmitting functionalities of antenna structure itself are fully characterized 
by Maxwell’s equations and are fairly well understood. The dipole antenna (a straight wire, 
fed at the center by a two-wire transmission line) was the first antenna ever used and is 
also one of the best understood
51
. 
For effective reception and transmission, the wavelength (λ) must be approximately equal 
to half of wave length ( 2/ ) at the frequency of operation (or multiples of this length). 
Thus, it must be fairly long (or high) when used at low frequencies ( )MHz 300at  m 1  
and even at higher frequency (UHF and greater), its protruding nature makes it quite 
undesirable. Further its low gain (2.12 dB), lack of directionality, and extremely narrow 
bandwidth make it even less attractive. The Yagi-Uda antenna was considered a step 
forward in antenna technology when introduced in 1920, because of its much high gain of 
8-14 dB. Log periodic wire antennas introduced in the late 1950s and wire spirals allowed 
for both gain and bandwidth increases. On the other hand, even today high gain antennas 
rely on large reflectors (dish antennas) and wave guide array (used for many radar 
systems). Until late 1970s, antenna design was based primarily on practical approaches 
using off –the-shelf antennas such as various wire geometries (dipoles, Yagi-Uda, log-
periodic, spirals), horns, reflectors, and slots/apertures as well as array of some of these. 
The antenna engineer could choose or modify one of them based on design requirements 
that characterize antennas, such as gain, input impedance, bandwidth, pattern beam width, 
and sidelobe levels.  
However, the Antenna development requires extensive testing and experimentation. On the 
other hand, in recent years, dramatic growth in computing speed and development of 
effective computational techniques for realistic antenna geometries has allowed for low-
cost virtual antenna design.  
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3.2. Antenna miniaturization  
 
The system on package can give flexibility to the front-end module by integration in all 
functional blocks using multilayer processes and novel interconnection methods. In these 
system a multilayer blocks of electrical components are used to be able to reduce the size 
of components. The utilization of small sizes of antennas in communication and low 
frequency such as cellular communication and Wireless fidelity (WiFi) is very difficult 
tasks to fulfill.  
The size reduction of antennas in a package has also advantages such as thermal loss 
reductions. The integration of antenna has also connection with Bandwidth which should 
be narrow and must have high dielectric or relative constant. The interference of antennas 
and the rest of radio frequency blocks must have high modulation and be in phase. When 
the inductors and capacitance size are changed (in this case becomes smaller) the antennas 
size also must be changed, because these 3 components are connected to each other. 
The gain of antennas depends on its electrical size. In Patch antennas the wave length 
should be in the order of 2/  in which   is the wave length. For example, at 2 GHz, the 
electrical wave length in FR4 dielectric (dielectric constant=4).This means that the 
dielectric is equal to 4 and wave length is equal to 74 mm in practical it will be 1/2 of that 
it means 37 mm. There are many techniques in which the RF front to ends which is coming 
from antennas and goes to transceiver can have a size of 5 5 mm for example by multiple 
transmit receiver this is possible, which will be 7 times smaller than antennas itself. 
Therefore, antennas can be a RF front end for reduction of size.  
There are 3 important facts in antennas which must fulfill (1) antennas should be 
physically small. (2) it should have a narrow bandwidth. (3) it should have a good gain. 
The size of antennas is function of its “materials” and properties and by following 
equation it can be calculated.  
rr
L


  in which:   (1) 
L= physical size of antenna 
  = antennas electrical size in air 
r = relative permeability 
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εr  = relative permittivity  
 
If there is an dielectric materials equal to 9, the size of antennas will be 1/3 of that when 
r =1 for air. The calculation of band width is occurring by 100


center
lowhigh
f
ff
BW  in which 
fhigh is the highest frequency and flow is lowest frequency and the fcenter is center frequency. 
There is Multiband antennas, conformal antennas and Antennas on Magneto dielectric 
substrate. Briefly the antennas with small size must have materials with high permeability, 
high dielectric constant and high permittivity property. This materials operation is to 
prevent the parasitic substrate mode which is reducing the gain of antenna
52
.  
Gain is constantly measured with reference to standard antenna such as an isotropic or 
dipole antenna. When reference is an isotropic antenna, the units used are dBi. Since an 
antenna only redistributes power that oftentimes is non-uniform in space, the gain changes 
as a function of direction and therefore has both positive and negative values. For 
consumer applications, an omnidirectional radiation pattern is often preferred.  
The gain of an antenna is a function of many factors, the most important of which is 
antenna matching. The transmission line that feeds the antenna has to be well matched to 
the antenna input to ensure a maximum transfer of power. This can be very challenging 
task in antenna miniaturization.  
To summarize, the antennas with small size needs materials with high permeability and 
permittivity. However materials with such kind of properties generate parasitic substrate 
modes that deteriorate the gain of antenna. Antennas with higher gain necessitate matching 
the antenna input port for maximum transfer of energy from transmission line to the 
antenna. With high permittivity and high permeability materials, this becomes difficult 
since very narrow traces are required to obtain an impedance of 50  , with such a 
conflicting requirements, the design of antennas can be very tricky.  
A variety of advances have been suggested by a number of researcher for miniaturization 
of these antennas such as combining multiple frequency bands into a single antenna 
elements, use of magneto dielectric materials, conformal antennas and inclusion of 
electromagnetic bandgap structures to improve performance.  
 
Another important factor that influence and require special attention while integrating the 
antenna in the module is suppression of parasitic backside radiation or crosstalk, which 
can couple to sensitive RF blocks in the substrate. This is measured as the front to back 
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ratio, which is the ratio of maximum directivity of antenna to its directivity in the 
backward direction.  
However three important antenna technologies for WiFi applications will be described here 
for miniaturizing the antenna size and integrating it with the rest of the RF front-end 
module. These three important antennas are: multiband antennas, conformal antennas, and 
antennas on magneto-dielectric substrates. Since several communication standards are 
integrated into the RF front end, there is a requirement for antennas to support several 
frequencies. Along with passing the enquired frequencies, these antennas should also be 
minimize, interference by suppressing the adjacent frequency bands. To minimize, a 
multiband antenna instead of multiple single-band antennas can be constructed by 
controlling the length of the antenna elements.  
In system on package it is possible to combine rigid and flexible substrate. This 
phenomenon can be used to embed radio frequency front to end in the rigid part of module. 
Antenna which is patterned on the flexible substrate can be folded or prepared to conform 
the rigid section. This method is reducing the size of module containing the integrated 
antenna.  
3.3. Antenna on Magneto Dielectric Substances 
 
The experience and practical research have shown that, to reduce the size of antenna, it 
requires increasing the dielectric constant. In this interaction the electromagnetic field will 
be trapped in substrate, therefore the antenna acts more similar to a capacitor than a 
radiator of energy. A similar phenomenon can occur if the permeability of the substrate 
materials is increased.  
Nevertheless, increasing permittivity and permeability of substrate martial must occur 
simultaneously and match to each other, and then it is possible to maintain the radiation 
characteristics of the antenna while decreasing the size.  These materials are known as 
magneto dielectric material.  
This material has the advantages of reducing the size of antennas for consumer 
applications. This property of magneto dielectric material is making it straightforward to 
match to such an antenna. The properties of magneto dielectric layers are defining their 
frequency characterization as well as complex permittivity.  
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3.4. Transmission Loss and Decibels   
 
In transmission system because of signal distortion, the power level or strength of output 
signal can be changed. The power loss is usually expressed to show signal-strength 
reduction. The transmission loss can be recovered by use of power amplification. Figure 3 
represent a linear time in variation system, the input signals is Pi. If there is no distortion 
the signal power at output is proportional to Pi, therefore can be written as: 
g = Pout / Pin   (2) 
g, Pout, Pin, stands for gain, input power and output power respectively. the gain is express 
by decibel (dB). If we have g = 10
m
, it becomes gdB = m×10 dB.  
gdB = 10 ×log 10 g   (3) 
by inversion of equation above it will be equal to  
g = 10(
g
dB/10)  (4) 
If decibel represent power ratio then it is : 
 PdBw = 10 ×log 10 P/ 1W  (5)  
 
By inserting the equation (3) into the equation (2) it will give: 
PoutdBw = gdB +PindBW    (6) 
This is very useful calculation where we must take into considerations the changes 
between multiplication and addition.  The dBw stands for decibel when power is watt in 
case of milliWatt, it will change
53
 to dBmW. 
The Resonator (Antenna) gain means, the Resonator focusing the wave in to gain power in 
certain directions. Power of the resonator is measured by dB (Decibel), the dBi also is in 
use when resonator is isotropic.  
When resonator is in spherical shape, the surface area can be measured by A= 4πr2, the A 
and r are area and radius of sphere respectively. The power density of Antenna can be 
measured by using power divided by area. It is ρp= Power/Area. The gain is an 
integral number of isotropic resonator, this will produce extra power. The power of 
resonator changes by amplification of its signal. It is possible to increase the power of 
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antenna in one direction and reduce it in another direction. When the gain is equal to 
one it is similar to isotropic antenna.  When there is transmission between two points 
the Insertion Loss can be calculated as 
IL = -20 log|T|dB 
The power density can be calculated for the same transmitted power from next 
equation 
dB = 10log10(p1/p2) 
P1 is a normal resonator; P2 can be an isotropic resonator 50 . 
 
 
Figure 3. Linear time invariant system with power gain
53 
.  
 
 
3.5. RF Communication systems 
 
Optical frequency isolation in mobile communication System-on–package (SOP) hardware 
is one of most important concept that has found commercialization about last few years.  
 
So far, the concept of optical radio frequency System on -package is growing faster than 
fibre optic, when radio frequencies are higher than a few GHz, their waves will be strongly 
absorbed in the atmosphere. However, for fast data transmission a high RF frequency is 
required, for instance it should be in rate of a few gigabytes per second.  
 
A way out to this difficulty is to convert phase-modulated RF waves and the high-
frequency, amplitude- into equal amplitude and phase modulated optical waves.  
 
As represented in Figure 4 at the start the radio frequency will be converted to the optical 
signal and then broadcast over a local area such as in a conference room.  
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At the source, the optical signal will be decoded by converting available external 
modulators. Finally at the destination microwave amplifiers and a detector will be used to 
broadcast and restore back the original radio frequency data.   
 
 
Figure 4. High-frequency RF information is distributed over long distances by first 
converting the RF coding to optical coding, transporting the information over optical 
fibres, and recovering  the RF signal for broadcast at the destination. A land signal is 
returned by recycling the power available in the base band optical signal
52 
. 
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3.6. Waveguide and modes  
 
The solution of Maxwell’s equations with the boundary conditions for tangential 
conditions inside and outside of the resonators can lead to an eigenvalue problem; 
this problem consists of differential equations called resonant modes, which are 
eigenfunctions. 
For each eigenfunction, there is the corresponding eigenvalue, which is the resonant 
frequency. In the propagation of electromagnetic wave, many resonance modes exist in 
resonant chamber.  
For each eigenfunction, there is a corresponding eigenvalue; which is the resonant 
frequency. The modes are various reflected waves that interact with each other to produce 
an infinite number of discrete patterns. When two open sides along the length of a 
waveguide are closed by two perfectly conducting planes, the waveguide is called cavity 
resonators
54
.  
In the propagation of an electromagnetic wave, many resonance modes exist in the 
resonant chamber. They are longitudinal and perpendicular to the direction of the 
propagation. 
If the  magnetic and electric fields are existing,  and have a  transverse electromagnetic 
mode, they are shown by TEM mode; if the electric field is transmitted but the magnetic 
field is zero; then the mode is called transverse magnetic, or TM.  
 
If the electric field is zero, and only longitudinal, (Z direction) propagation exists, then the 
mode is called transverse electric, or TE mode. The discussion of all these modes is 
outside of the scope of this research. The work here will be concerned with TE modes. In 
these studies the resonant frequencies of the TE01δ mode was measured at each 
temperature. 
The waveguide transmission characterized by two significant conditions:  
1) The waveguide has a minimum frequency below which it cannot transmit the wave 
2) There is always a component of Electric and Magnetic field along the direction of field. 
The electromagnetic wave can enter in one end and can be received at the other end. The 
ionosphere and the earth act as a wave guide for radio wave
55.
  
There are Rectangular mode and Circular modes designed by TEmn and TMmn. The 
subscript (m) means the number of half sinusoidal variation of field along dimension (a), 
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while subscript (n) refers to the field dimension along (b). However in Circular modes, 
there are two kinds of modes TEmn modes and TMmn modes. The subscript (m) means 
number of full sinusoidal variations of field along the circumference and the (n) subscript 
refer to the number of half sinusoidal variations of field along radius TE01.  
 
Furthermore, there are two more subscripts (p) and (q) designates the number of half 
wavelength along guide length (l). Basically, the TEmnp and TMmnp modes have application 
in rectangular cavities and simultaneously TEmnq and TMmnq modes, are used in circular 
cavities. For example let consider a rectangular cavity of sides a,b, and c which have 
perfectly reflecting wall. If the plane wave in space is defined by vector k, normal to the 
plane of wave with three components called k1, k2, and k3 along X, Y and Z axes. When a 
wave produce inside of the cavity, it is reflecting in all directions and set of waves such as: 
+k1, +k2, +k3; and -k1, -k2,- k3 will produced, these wave will be constructive if they are in 
phase with standing wave inside of the cavity. The k wave in direction of a, b, and c and 
can be defined as: 
k1 = π (m/a); k2 = π(n/b); k3 = π (l/c);  
m, n and l bare integers equal to number of wave in a, b, and c directions, since  
 
2
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where c  is equal to velocity of electromagnetic wave, f is frequency. A cavity such as the 
one shown in Figure 5, will resonates by supporting standing wave for the frequency given 
by equation 9. In other conditions, for example, when the cylindrical or the spherical 
cavities are used, the mathematical treatment is more difficult. The resonators cavities for 
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electromagnetic wave must have the walls which are made from a good conductor 
material, because the walls must have the best reflecting properties. 
 
 
 
Figure 5. A cavity sustaining standing wave 
55 
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The Cylindrical closed cavity was used in this research work to examine the samples; 
therefore this will be described here briefly. These cavities are easy to construct and are 
greatly used for measuring quality factor and temperature coefficient of resonant 
frequency. The cavity modes are selected for measuring, the TEmnp and TMmnp, where (q) 
refers the number of 
2
g  along the length that are shown in Figure 6.  
 
 
Figure 6. The TM and TE different modes for wave- meters
56
. 
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Let suppose the ( ) is the resonant wavelength of cavity and (l ) is the length and (a) is 
radius shown in Figure 6, then for TE modes   
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q =0, 1, 2 etc and (
c ) is cut-off wavelength (minimum frequency below which waveguide 
will not transmit wave) and 
c = 2a; and ( ) is space wavelength; and ( g ) is Cylindrical 
guide wavelength 
g >  . Since c = 
ck
2
 and 
g = 
l2
p
 after substitute in equation 8 it 
will give; 
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This is similar to TM but P’mn will be replaced by Pmn in case of TM modes and it will be  
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4. Vibrational spectroscopy 
The sample of Lanthanum zinc titanium oxide and Neodymium titanium oxide were 
examined by Raman spectroscopy therefore, in this section basic information of Raman 
Spectroscopy will be described. 
Vibrational spectroscopy, Raman and infrared, are derived from the interaction of 
electromagnetic radiation with material. These tests are usually non-destructive; the plan 
with the research is to investigate the molecular vibrations, which are not observed with x-
ray or other methods. Theses molecular vibration can be observed as bands in the 
vibrational spectrum. Each structural configuration and molecule will have a certain set of 
bands, which are result of their intensities, frequencies and shapes. The information about 
the local coordination of the atom can be achieved by analyzing the sample properties. The 
frequency of a band depends on the reduced mass of the traveling unit and it is normally 
around ~50 to 4000 cm
-1
. 
The vibrational frequency depends directly on reduced mass therefore, the smaller reduced 
mass cause higher vibrational frequency and vice versa.  
Raman or infra red spectroscopy can be used for testing a sample; however it is depending 
on the nature of the molecular vibration. 
 
The physical principle behind Raman and infrared spectroscopy is very different despite 
the fact that, Raman spectroscopy is a scattering technique where the intensity of the bands 
is proportional to the concentration, and the scattering cross-section of the vibrating units. 
Infrared spectroscopy is an absorbance technique where the intensity of the bands is 
proportional to the concentration, and absorption coefficient of the vibrating units. 
 
The time needed to record a spectrum is of the order of seconds to tens of minutes. 
However, to increase the signal-to-noise ratio, several accumulations are expected
57
. 
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Raman spectra arise from monochromatic laser light impose on a specimen, this light is 
then elastically and inelastically scattered. Elastic scattering, Rayleigh scattering, has the 
highest probability. The Raman spectra are result of inelastic scattering of incident energy 
from a laser source as a function of molecular energy. It is commonly due to photons that 
combine to molecular vibrations or phonons in the material. The Raman scattered light can 
be of higher energy, anti-Stokes scattering, and lower energy, Stokes scattering, than the 
incident light. Stokes scattering occurs with the highest probability, therefore one usually 
record the Stokes bands in the Raman spectrum
58
. 
 
 
 
 
Figure 7 a) Schematic picture of the Raman process in a two-level system, and b) the 
resulting Raman spectrum. L = Laser frequency ; S = Raman frequency shift; Q = 
normal coordination of vibration; α = Molecular polarizability; µ = molecular dipole 
moment; ns = Bode-Einstein factor; I= Intensity; λ = wavelength
58 
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A two stage system are shown energy level schematically in Figure 7, as shown the 
scattered light is result of anti-Stokes, Stokes and Rayleigh, the transition level is result of 
the changes between the two vibrational states and occurs through a forbidden virtual 
level. Raman scattering is not occur because of direct change. The terms for the Stokes and 
anti-Stokes intensities can be describe as 
  
39 
I stokes  )1n(
Q2
2/h
)( S
SS
4
SL
2










    (13) 
 
I anti-stokes  S
SS
4
SL n
Q2
2/h
)(
2










    (14) 
 
The intensity expression above gives the important results. If the specific molecular 
vibrations adjust the polarisability of the molecules then Raman scattering will take place 
and it means  
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4.1. Infrared spectroscopy  
 
The differences between Infrared and Raman spectroscopy is coming from the point that in 
Infrared spectroscopy molecular vibration adjusting the dipole moment while in Raman 
spectroscopy molecular vibration adjusting the polarisability of molecules. Molecular 
vibration that adjusting the dipole moment can be occur if following condition is fulfilled: 
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The molecules such as diatomic homonuclear material does not have dipole moment, 
therefore it does not increase any band energy in Infrared spectra. When incoming light 
impinging on the sample the interaction between photons and materials may cause the 
absorption of photons if their frequency of photons is accurately matches the frequency of 
vibration in materials. This frequency is absorbing frequency of photons.  The Infrared 
spectroscopy is illustrated in Figure 8. 
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Figure 8. The principle of infrared absorption. a) Photons with energies hω1, hω2, andhω3 
hit a two-level system. Only hω2 has the same energy difference between the two 
vibrational states, and is therefore absorbed. b) The resulting infrared absorbance spectrum 
58
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4.2. Use of symmetry analysis to vibrational spectroscopy 
This chapter aims to give a very short introduction to symmetry analysis and group theory, 
which can be used to determine the number and symmetry of vibrational modes of a 
particular molecule in the samples. 
 
Symmetry operators and symmetry elements 
 
The symmetry of molecules takes an important place for defining the crystal structure of 
materials and their space group. Angular momentums are a part of group theory, as well as 
are the properties of harmonic oscillator.   
In order to make use of the symmetry of molecules and crystals for vibrational 
spectroscopy, the symmetry properties have to be defined conveniently. However, here 
symmetry operators will be defining, which applied to a molecule, brings it into 
coincidence with itself. For molecules there are five different symmetry operators, 
which are defined as below. 
 
 
E identity operator, the act of doing nothing. The corresponding symmetry 
elements is object itself. 
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I An inversion operator, reflection at a centre of symmetry. This operation 
taking each point of an object through its centre and out to an equal distance on the other 
side.  
 
C
k
n   describes an n-fold rotation operator; in which  k is consecutive rotations by 
an angle 2π/n, where n is the order of the axis of symmetry rotation.  
 
σ A reflection operator,  reflection on a plane, in a mirror plane. In the principal 
axis of symmetry , it is called vertical plane and denoted σv . If the principal axis is 
perpendicular to the mirror plane, then the later symmetry element is called a horizontal 
plane and denoted σh. A dihedral plane denoted σd it is a vertical plane that bisects the 
angle between two C2. 
 
S
k
n   n-fold improper rotation -reflection operator; defining k successive rotation 
about an  n-fold rotation-reflection axis: rotation by an angle of 2π/n followed by reflection 
on a plane perpendicular to the axis. 
 
Symmetry elements 
To each symmetry operation there are corresponding a symmetry elements such as the 
point, line, or plane with respect to which operation is carried out. For example a rotation 
carried out with respect to a line called axis of symmetry, and a refection carried out with 
respect to a plane called mirror plane. If the translational symmetry operation is ignored 
then there are 5 types of symmetry operations which leaves the object to be unchanged. 
These are  
 
E 1 
I 

1  
C
k
n
 2,3,4. 
S
k
n
 2,3,4. 
 
The main  axis are those with highest order, it is by definition oriented vertically around (z) 
direction. 
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The axis with the highest order n is called the main axis, and is by definition oriented in 
the vertical direction (z). For example, let x-y plane to be is horizontal level and perpendicular 
to vertical z axis direction denoted by σh. A plane, which includes the main axis is a vertical 
plane σv. 
The crystal structure of materials according to its symmetry is depending on all its 
symmetry operations, and then put down a label based on the list of those operations 
simply the list of symmetry operation is used to identify the point group of the crystal. 
The point group indicates that the operation corresponding to symmetry elements that 
intersects at a fix point or origin.  
It should be noted that a point group plus translation symmetry called space group the 
32 point groups are allowed in crystals, for example the point group C2 includes 
symmetry operators of  E, and C2.  
The symmetry operators of the 32 point groups of crystals can be combined with the 
translations unit and creating 230 three-dimensional space groups. However, this is out 
of scope of this study. 
There are two kind of molecular vibration, it can be symmetric or anti-symmetric depends 
on symmetry operation of its point group. When a molecule defined by its Cn or Sn a n d  
n > 2 it means two or more vibrations have the identical frequency.   
 
The symmetry operation can be described by matrices.   
Let  the symmetry operator G produces the vector [x+y+z] into [x’+ y’+z’]. This could be 
written as G[x+y+z]= [x’+ y’+z’], or as follows: 










'z
'y
'x
= 










zzzyzx
yzyyyx
xzxyxx
CCC
CCC
CCC
.










z
y
x
 
The positive directions of individual old as well as new axes are defined by G matrix 
which stands for matrix with cosines angles between positive directions of axis. The G 
operator represents the transformation matrix. All operators group are represented by 
matrices.  
The reduced  is stand for reduced representation. A representation  of a group consist of set 
of numbers or matrices which can be assigned to the element of group in such a way that 
the same group multiplication relationships are assured.  
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Irreducible representation and character tables 
 
The degree of freedom for molecules containing n atoms is 3n. It is necessary to apply all 
point group of molecule to each atom to be able to classify them. This classification results 
in a representation by a group (g) square 3n×3n matrices. However, there is an operation 
which reduces these matrices to a matrix of same dimension and it is called similarity 
transformation. These are lower order submatrices along the diagonal. The symmetry 
operator is represented by trace of matrix called character, and it is denoted by  χ . 
If transformation matrix does not exist that can reduce the representation, therefore it is 
called complete,  The irreducible representation are denoted by Γ1, Γ2, Γ3…..These are sub 
matrices  
The completely reduced representation is result of the sum of irreducible representation of 
ni Multiply by individual reduced representation, that is   
 
Γreduced  = n1Γ1⊕  n2Γ2…. 
The lists of all possible irreducible representations of point group are illustrated in table the 
character table for point group C2v is described below. The top row shows the lists of 
operators. The irreducible representations are shown in left column, with their name of 
vibrational type.   
In the right side of table and in the last column after A1 there is z,  x
2
, y
2
, z
2
, these 
variable are representing A1 symmetry.  In the similar way A2 symmetry has a 
connection with xy, and R .  Here the R stands for rotation and subscript x shows rotation 
around the x-axis. The character table row illustrate its symmetry  
The characters of the irreducible representation symmetry properties are included in rows 
of character table. 
By the characters of the irreducible representations in the row of a character table, its 
symmetry properties will be defined. 
 
Table 1. Character table
 58
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C2v E C2 σv´ σv´´  
A1 1 1 1 1   z, x2, y2, z2 
  
44 
A2 1 1 -1 -1   Rz, xy 
B1 1 -1 -1 -1   x, Ry, xz 
B2 1 -1 -1 1   y, Rx, yz 
 
The group theory has one important and it is connected to orthogonality theorem, it 
means that number of (ni) vibrations which is belong to specific symmetry types (i) can 
be calculated for example A1.  These are described in next equation 
 
 
 
The number of symmetry operators of the group is equal to g. The symmetry operator is  (R) 
and  χ(red) is its character of reducible representation and for the symmetry operator R  the 
χ(i) is the character of the i:th irreducible representation.  
 
4.3. Dielectric Properties  
 
The response of a material to an electric field can be used to the advantage; even when no 
charge is transferred. These effects are described by the dielectric properties of materials. 
Dielectric materials posses a large energy gap between the valence and conduction bonds; 
thus the materials have high electrical resistivity. Two materials that are important in the 
applications for dielectric include electrical insulators and capacitors. Ceramic bells and 
the plastic covering on electrical wires are used in high voltage power lines as insulators, 
to prevent the transfer of a charge in an electric circuit. Capacitors are used to store an 
electrical charge. Other characteristics of dielectrics include electrostriction, 
piezoelectricity and ferroelectricity. 
The effect of a magnetic field on materials is equally profound. Some magnetic materials 
posses a permanent magnetization for applications ranging from toys to computer storage; 
other magnetic materials are used in electric motors and transformers. Although the 
responses of materials to an electric or magnetic field are based on a very different 
phenomenon; a similar approach is used to describe the two effects. For this reason, 
dielectric and magnetic behavior will be described in the following section
. 
 
 
g
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4.4. Dipoles and charge 
Dipoles consist of two point charges of equal magnitude and an opposite sign. When an 
imposed electrical field is applied to a material, dipoles are induced within the atomic or 
molecular structure, and become aligned with the direction of the field, causing 
polarization of the materials. The polarization is defined by the following equation
59 
: 
LP = Zeqd   (15) 
Polarisability has the SI units of 14212 kg.s.AV.m.C    but is more often expressed as 
polarisability volume, with units of 3cm  or in (Å)
3 = 2410 3cm , where eZ  is the number 
of charges that are displaced; q is the electronic charge ( C106.1 19 ), and d is the 
displacement between the positive and negative charges.  Dipole moment is a basic 
property of molecules, which often contain a negative and equal positive charge separated 
by definite distance. A molecule such as NaCl is a good example. NaCl is composed of a 
Na
+
 with a charge of +e, and Cl
-
 with a charge of –e. The separation between Na and Cl- is 
0.236 nm and so the dipole moment is expected to be 
m.C1078.3)m10236.0)(C1060.1(qdD 29919P
   
 
Where the measured value is 291078.3  C·m (coulomb meter). This indicates that the 
electron is not entirely removed from Na and attached to Cl. This shows that the electron is 
shared between Na and Cl, resulting in a dipole moment somewhat smaller than expected. 
Dielectric materials do not allow the passage of a charge to an external circuit, i.e. they do 
not allow the passage of a current (only some leakage current in a level of 8-10A), and 
therefore have a high electrical resistivity, in the order of 10
15
-10
18
m  ; however, within 
the dielectric material, charges arrange themselves to produce a material in which the local 
charge density varies from place to place, i.e. the material is polarized
59
. 
 
This polarization can be expressed in relation to the extra charge produced in a capacitor 
filled with the dielectric; from which that would occur if the capacitors were empty. In a 
parallel plate capacitor, the capacitance is given by 
 
C = A d/or    (16) 
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where r  is the relative permittivity (dimensionless); o is the permittivity of free space 
(8.854 x 10
-12
 Fm
-1
); A is the area of the plates, and d is the inter-plate separation or 
thickness of the dielectric. The charge per unit area on the plates (i.e. the charge density or 
electric displacement) is given by 
 
D = CV/A = CE d /A = E or    (17) 
where D is electric flux density (C/m
2
); C is capacitance, and its units is Farad 
(coulomb/volt). V is the potential differences between the plates (volt), and E is the electric 
field (Vm
-1
). If there were no dielectric between the plates, the charge would have been 
equal to E 0 ; hence the extra charge per unit area produced by the dielectric is called the 
polarization, and is given by: 
 
LP =E ( r -1) 0 = E  0     (18) 
where  is the electric susceptibility of the material. 
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4.5. The movement of mobile charge  
 
Polarization is as a result of the existence of a fixed charge, the movement of the mobile 
charge, and the rearrangement of dipoles, or the displacement of a fixed charge. Examples 
of the various types of polarizations are as follows:  
 
(1) The simplest reorganization of a charge occurs because of the displacement of electrons 
in an atom, under the influence of an external field, with respect to the atomic nucleus-Pel. 
 
(2) The displacement of ions within a crystal lattice, so that the centre of gravity of the 
positive charges are displaced, with respect to the negative charges-Pion. 
 
(3) The rotation of permanent dipoles in the applied field. In the absence of the field the 
orientation of the dipoles is random and hence there is no resultant dipole moment. On 
application of the field the dipoles try to orient themselves with the field but are hindered 
by thermal motion so that only a fractional alignment is achieved-Pdipole. 
 
(4) When electrons are able to move within the material but not into the contacts there will 
be a variation in electron density within the material and a space charge will develop. This 
can happen for highly polar materials or for composite materials of conductors and 
insulators-Psp.charge. 
The sum of all kind of polarizations gives the total polarization of materials  
Ptotal =  pi = Pel + Pion + Pdipole + Psp.charge..  (19) 
The external field can cause polarization of a material and it is called polarisability of the 
material  
 
For example if N sources of polarization are present and each source generate a 
polarization p: 
p =  E    (20) 
where   is the polarisability. The total polarization will therefore be 
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P =N E    (21) 
 
4.6. Constant Field and Polarization 
 
When an electric field is applied to materials, the electrons in an atom shift their centre of 
gravity from the positively charged nucleus, and for this reason a dipole is produced, this 
can be describe as: 
 
EZqdp e    (22) 
 
the atomic polarisability is e . It may be revealed
60
 that 
3
04 Re   , and the atomic 
radius is R. As a result, the atoms with a larger radius create higher polarisability than the 
smaller atoms. For example, e for Xe (3.5 x 10
-40
 F m
2
) >Ne (0.35 x 10
-40
 Fm
2
) and these 
material polarizations are not dependent on temperature. 
 
 
Figure 9. Torque acting on a dipole Zqd by the electric field E 
59 
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An extremely small displacement of atoms from their equilibrium location can cause Ionic 
polarization. There are roughly 10
28
 atomic polarizations per cubic meter. As an example, 
the 10
4
 V/m of imposed electric field in MgO material produce a displacement of 4×10
17
 m 
of the magnesium ions, and this polarization can generate relative permittivity of 9.6. The 
presences of ions are not essential in Ionic polarization; however, the differences in the 
E Zq 
Zq 
d 
  
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concentration in the amount of electrons of the individual atoms are significant; as a result, 
the Ionic polarization is related to the polar bonds of the materials, such as organic 
material. 
If an imposed electrical field is applied to materials which have a permanent dipole µo, the 
dipole will orient its direction towards the field (Figure 9); this system and its potential 
energy can be given by: 
PE = 

0
Zqd E sind  = 

0
µoE sind  = µoE (1 - cos ) (23)  
 
If there is a total alignment in the system the potential energy is at minimum when   = 0 
and at maximum for 2/  . On the other hand, thermal factors prevent the total 
alignment. However in the situation while distribution of potential energies follows 
Stephan Boltzmann's statistics, then in the direction of the field for average dipole moment 
can be given by
61
 
 ]E/kT)kT/E[coth( 000     
which for kT E0   becomes 
kT3/E20   
and hence 
P =N E = N  = N 2o E/3kT.   (24) 
Therefore, perfect alignment is not achieved and the polarization is temperature dependent. 
 
 
4.7. Electric field and dielectric materials 
When the electric field is sufficient to start the breakdown of dielectric materials, or 
capability of the material to withstand an electric field without breaking down, and 
allowing electrical current to pass, these interactions define the dielectric strength. 
Dielectric strength is defined when the interactions of the electric field are sufficient to 
start the breakdown of the dielectric materials, or the capability of the material to withstand 
an electric field without breaking down, and allowing the electrical current to pass. 
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It has a unit of volts, per unit of thickness of the dielectric material. For example, volts per 
centimeter are often used. When a homogeneous specimen is subjected to a steadily 
increasing in suitable conditions, a small current begins to follow which increases to a 
saturation value.  
By increasing the voltage, a stage will come, and suddenly, the current is increased sharply 
from the saturation value in a very short time as 10
-8
 s, and breakdown occurs.  
The short time increases recommends that the breakdown process has an electronic 
character. This is called the intrinsic breakdown and it can be described as follows: 
The small number of electrons in the thermal equilibrium is in a normal situation, but when 
an electric field is applied these bands gain kinetic energy.   
When the field applied the small number of electrons in the thermal equilibrium; the 
conduction band gains kinetic energy. When there is sufficient energy in the process it may 
cause the ionization of a section, and therefore raising the number of electrons 
participating in the process.  
 
This consequence may cause an electron avalanche, and as a result total failure of the 
materials may occur. Typically the intrinsic failures are around 100 MVm
-1
. 
 
Thermal breakdown is another form of failure. The “thermal break down” can be described 
as those cases in which the breakdown is related to the thermal properties of the dielectric 
material.  
 
The finite DC conductivity of good dielectric results in Joule heating; are under AC fields, 
where there is additional energy dissipation. 
When an electric field is applied to dielectric materials, the heat may be generated in the 
material, usually the heat remains in the material rather than dissipated to its surrounding; 
this mechanism causes an increase in conductivity, and finally a loss of dielectric material. 
 
When the sample has simple geometry the thermal breakdown can be calculated from the 
following equation:  
 








tan'
V
d
b   (25) 
 
  
51 
In this equation, the Vb denotes the breakdown voltage in a flat disc when an alternating 
current is passing through the material. The   is related to the sample thickness; and its 
heat transfer to the environment, and d  the temperature coefficient of the loss factor.  
The most important variable effects to the materials properties are their thermal 
conductivity , and loss factor; and others are frequency, dimension of sample and transfer 
of heat
49
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4.8. Properties of X-ray 
The present study is connected with the single phase dielectrics samples, to examine the 
crystal structure of materials, the x-ray, Scanning Electron Microscope (SEM), 
Transmission Electron Microscope (TEM), Differential Scanning Calorimetry (DSC) 
methods were used. Therefore in following chapter the basic mechanism of these 
techniques will be describe briefly to support the analysis of the experimental work. 
 
X-rays were discovered by a German physicist Wilhelm Rontgen
62
 in 1895, it was 
unknown type of radiation therefore, it named x-ray. It is invisible radiation and can travel 
in a straight line and have an effect on photographic film just as visible light; also these 
rays are able to pass through thick dense materials for examples human body, wood or 
steel. 
After its discovery, the character and nature of x-ray radiation was unknown, however the 
scientists were using it instantaneously for detection of broken bones or internal cracks in 
steel. 
The magnitude of internal details of 10
-1
cm can be detected by radiography. The x-ray was 
in use for several years, finally the exact nature of x-ray became clear as soon as 
phenomenon of x-ray diffraction by crystals was discovered in 1912. The result showed 
that the magnitude of internal details by x-ray diffraction is around 10
-8
 cm in size. 
However X rays can be produced with discrete wavelengths in individual transitions 
among the inner charge particles such as electrons are decelerated. X-rays wavelengths 
correspond roughly to the spacing between the atoms of solid matter; therefore scattering 
of x rays from materials is a useful way of studying their structure.  
X rays can easily penetrate or pass through soft tissue but are stopped by bone and other 
solid matter; for this reason they have broad application in medical diagnosis. X-ray 
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astronomy, like ultraviolet astronomy, is done with orbiting observatories. Mot stars, such 
as sun, are not x-ray emitters; however, in certain systems consisting of two nearby stars 
orbiting about their common centre of mass (called binary system), material from one star 
can be heated and accelerated as it falls into the other, emitting x-rays in the process. 
Although confirming evidence is not yet available, it is believed that the more massive 
member of certain x-ray binaries may be a black hole. 
 
4.9. Electromagnetic radiation 
 
X-rays are electromagnetic radiation, precisely similar to visible light but with a shorter 
wavelength in the range of ~0.01 to 10 nm corresponding to frequencies in the rage of 
3 10 
16 
Hz to 3 10
19
 Hz and energy of 100 eV to 100 keV 
  
visible light 600 nm these are 
shown in Figure 10. 
 
 
 
Figure 10. The electromagnetic magnetic spectrum
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When a monochromatic (a single wavelength) beam of x-ray ( travels in space in x 
direction Figure 11, it has connection with an electrical field E in direction of y and 
perpendicular to x, and with a magnetic field H in direction z perpendicular to both x and 
y.  
If the electrical field E is confined between plane of x y and when the beam travels in the x 
direction, the wave is said to be plane-polarized; the magnetic field does not influence on 
x-ray, on the other hand x-rays cannot be deflected by magnetic field as they don’t have 
any electrical charge. 
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Figure 11. Electromagnetic fields connected with a wave moving in the x-direction 
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The equation of plane-polarization can be describe as  
E = A sin2  




 
λ
ftx
  (26) 
Where E is energy of variation wave, A is amplitude of propagating wave,  is wavelength 
and f is frequency. The relation between the frequency and wave is as follows 
f
c
    (27) 
 
Where C the velocity of light, ~ 300,000 km/sec. or (3 10
8
 m/s). 
 
The square of amplitude and intensity of electromagnetic radiation are related by IA2, 
where I is intensity and A is amplitude of wave. Additionally, the electromagnetic 
radiation can be considered according to quantum theory as stream of particles called 
quanta or photons or based on classical theory considered as wave motion. Usually in 
absolute unites intensity is measured in joules/m
2
/sec. 
The discrete packets or quanta of energy is shown by hf , where h is Planck’s constant. The 
energy, radiation or photons can be emitted from materials and their energy E, wave length 
λ, and frequency are connected by the next equation64. 
H 
E 
X 
Z 
Y 
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En =  nhf =  n (

hc
)   (28) 
The energy given by plank’s hypothesis states that a system which is performed simple 
harmonic motion of frequency f can have values of energy which satisfy the above 
equation where n=0,1,2,3,……(integrs). An important part of Planks is that any losses are 
known as quanta (singular quantum). For example if 1kg mass which performing simple 
harmonic oscillations of amplitude 0.1 m at the end of a spring constant k = 100Nm-1 the 
total energy of motion is given by E = 2
2
1
kA = 0.5 J and frequency of oscillation is given 
by 
m
k
2
1
f

 = 1.6 Hz so that plank’s hypothesis gives the separation of neighboring energy 
levels , E  to be J 10hf 33 , therefore as a conclusion oscillators loses energy in 
quantum jump of 10
-33
 J, an energy which is 10
33
 times smaller than its total energy. 
Quantum effects are not observable in the motion of macroscopic objects and it is the 
reason why it is difficult to visualize such effects. Planck constant is noticeable only in 
microscopic systems. If, however, h had been thirty times larger in magnitude so that 
quantum effect would be an important part of our everyday experience
65
.  
5. Experimental Works 
 
XRD test were at a number of steps of processing and proceeding to analysis of the work. 
All starting powders were tested by XRD to ensure phase content and purity. In the case of 
LZT and NZT powder was heated to 650 ºC for 2 hours to ensure dehydration of 
Neodymium Hydroxide and Lanthanum Hydroxide from the batch, after this step powders 
were examined by XRD. In second stage powder was heated to 1200 ºC for 2 hours after 
this step also XRD was performed. Powder was heated at various temperatures to 
investigate reaction mechanism to leading to LZT, NZT, LMT, NMT phase. Calcinations 
were performed on powder, which had undergone sufficient pre-reaction to ensure 
dehydroxylation of Neodymium Hydroxide and Lanthanum Hydroxide from the batches 
which formed during wet milling and XRD was used after each step to confirm formation 
of LZT, NZT, LMT and NMT. In these tests, each powder was heated at the rate of 2
o
 C 
per minutes from 1250 
o
C to 1500 
o
C and by increasing 50
o
 C in each step and finally 
cooling rate of 2 
o
C per minute to the room temperature.  
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In all of these tests, the x-ray diffraction (XRD, Siemens Diffraktometer D5000 
Kristallofelx Germany) using CuK  radiation and diffraction angle of (2 ) from 10o to 
80
 o
 were used.  
A detector was used to send x-ray signals photons count to a computer. By search match 
program and other software the files were converted into the RAW and UXD formation. 
These files were used to generate a trace to be able to compare trace of one temperature to 
others. All of the starting powders were analyzed initially to ensure purity. 
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5.1. Scanning Electron Microscope  
 
The Scanning Electron Microscope (SEM) Joel JSM-6300 was used for the observation 
and characterization of ceramics materials.  
In these instruments, the area to be examined, or the micro volume to be analyzed, is 
irradiated with a highly focused electron beam, which may be static or swept in a raster 
across the surface of the sample.  
The types of signals produced when electron beam strike on a sample surface include 
secondary electrons, backscattered electrons, Auger electrons, characteristic X-rays, and 
photons of various energies. 
These signals are obtained from particular volumes of the specimen and can be used to 
inspect many characteristics of the samples such as composition, surface topography, 
crystallography, etc.  
The signals of interest in the SEM are from backscattered and secondary electrons, these 
signals are changing as result of differences in surface topography when electron beam is 
passing across the specimen.  
The secondary electron emission is generated to a volume near the beam impact area and 
permitting images to be obtained a relative high resolution. The three dimensional 
appearance of the image is due to the large depth of field of scanning electron microscope 
as well as to shadow relief of secondary electron contrast. Secondary electrons are low-
energy electrons, around tens of electron volts. 
 
The acceleration voltage of electron beam most increase, for deeper penetration of the 
electron into the sample, therefore, depth from which secondary image can obtain depends 
on the acceleration voltage.  
 
Usually, a low voltage about 10 kV is enough for receiving information from very fine 
surface. It found experimentally that a significant fraction of beam electrons which strike a 
target subsequently escape. For example, if the beam current measured in Faraday cage 
and the beam is then made to impose on positively biased copper target, only about 70% of 
the beam electrons expend all their energy in the interaction volume and are absorbed by 
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target; the remaining 30% of the electrons are scattered out of the specimen. Theses 
reemerging beam of electrons are collectively known as backscattered electrons. 
Experimentally materials with higher atomic number appear brighter
66
. 
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5.2. Phase description 
 
Figure 12 shows a SEM Secondary electron image series of micrograph of Lanthanum zinc 
titanium oxide La(Zn1/2Ti1/2)O3. Images are showing sintering temperature from 1250 
o
C to 
1500 
o
C. Each pellet is single phase. Experimentally material with different phase must 
show a different contrast. 
 
Secondary electron image of LZT 1250 ºC. 
 
Secondary electron image of LZT 1300 ºC. 
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Secondary electron image of LZT 1350 ºC. 
 
 
Secondary electron image of LZT 1400 ºC. 
 
Secondary electron image of LZT 1450 ºC. 
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Secondary electron image of LZT 1500 ºC. 
 
Figure 12. SEM Secondary electron image series of micrograph of LZT. 
 
  
61 
 
Figure 15 and 16 shows SEM secondary electron images of Lanthanum Magnesium 
Titanium Oxide and Neodymium Magnesium Titanium oxide. Images are showing 
sintering temperature from 1600 °C. Each pellet is single phase. As mentioned before, 
experimentally material with a different phase must show a different contrast. 
 
 
 
Figure 13. Pellet of LMT sintered at 1600 ºC. 
 
  
 
Figure 14. Pellet of NMT sintered at 1600 ºC. 
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5.3. Solid-State Processing 
 
Figure 17 shows the density of LZT and NZT as a function of sintering temperature. The 
density of LZT increased rapidly with temperature and reached a plateau of 6.29 g/cm
3
 
(95% th) at 1350 °C, falling off very gently at 1500 °C.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Relative density of LZT and NZT pellets after sintering for 2 hours at various 
temperatures. 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Weight loss on sintering pellets of LZT and NZT for two hours. 
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By contrast, the density of NZT first increased with temperature up to a maximum of  6.67 
g/cm
3
 and 97% of Theoretical density (th) at 1450 °C and then slowly deceased at 1500 
°C. The decrease in density at higher sintering temperatures is thought to be due to an 
increase in the amount of ZnO volatilization, which increases rapidly at temperatures 
above 1450 °C in the case of LZT and 1500 °C for NZT Figure 18. 
 
Figure 19 shows the density of Lanthanum Magnesium Titanium and Neodymium  
Magnesium Titanium Oxide as a function of sintering temperature. The density of 
Lanthanum Magnesium Titanium Oxide increased with temperature and reached an 83% 
of Theoretical density (th) at 1260 °C, and then it increased to about 92% of Theoretical 
density th at 1500 °C. In the similar way the density of Neodymium Magnesium Titanium 
Oxide increased with temperature and reach to about 89% of Theoretical density at 1260 
°C, then it increased to about 95% of Theoretical density at 1500 °C. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17.  Relative density of LMT and NMT pellets after sintering for 6 hours at 1250-1500 ºC. 
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The increase in density at higher sintering temperatures is thought to be due to an increase 
in sintering and diffusion of atoms, the testing results shows that highest sintering 
temperature for LMT and NMT is around 1575-1625 ºC. The calcinations temperature for 
LMT is 1400 ºC and sintering temperature 1600 ºC according to Bhalla et.al.
67
. The 
highest weight loss for both LMT and NMT occurred at temperature between 1250-1350 
ºC; the reason for these occurrences comes from the fact that the calcinations temperature 
for these materials is around 1400 ºC. At these temperatures (1250-1350 ºC) the chemical 
reactions will be started and the volatilization of H2O and CO2 will occur and increases 
rapidly at 1350 ºC, after this step material remains nearly constant (Figure 20) and there is 
no significant changes in weight loss between 1350 ºC to 1500 ºC. Figure 21 shows the 
relative density of LMT and NMT versus temperature at 1500-1600 ºC. LMT have reached 
(99% th) at 1600 ºC and 1550 ºC. In the similar way NMT reached (98% th) at 1600 and 
1550 ºC. 
 
 
 
Figure 18.  Weight loss on sintering pellets of LMT and NMT for 6 hours. 
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Figure 19. Relative density of LMT and NMT pellets after sintering for 6 hours at 1500-
1600 ºC. 
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5.4. Lanthanum Zinc titanium oxide 
 
The x-ray pattern for LZT powder shown in Figure 22 agrees well with that already 
reported by Kucheiko et.al
68
. It clearly shows the presence of superlattice reflections and 
can be indexed according to a doubled pseudocubic perovskite unit cell, with a ≈ 0.78898 
nm. As no orthorhombic splitting is apparent at these angles, the pseudocubic dimensions 
and theoretical density for LZT (th = 6.587 g/cm
3
) were calculated using only the (211) 
peak (d211 = 0.016105 nm). 
The reflection labeled as  in Figure 22 can only be indexed as ½{311}, corresponding to 
anti-phase tilting of oxygen octahedra. Those marked as 1, 2, are reflections of the type 
½{even, even, odd}, corresponding to antiparallel displacement of La
+3
 ions. Reflections of 
the type ½{odd, odd, even} ( reflections) have also been reported and correspond to in-
phase tilting of oxygen octahedra. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. X-ray diffraction pattern of the LZT powder after calcination at 1400 °C. All 
peaks have been indexed according to a simple cubic perovskite unit cell with a ≈ 0.39949 
nm.  Superlattice  and  reflections are also indicated. 
 
 
0 
100 
200 
300 
400 
500 
600 
10 20 30 40 50 60 
100 
110 
 
111 
200 
210 
211 
La(Zn 1/2 Ti 1/2 )O 3 
In
te
n
si
ty
 
Diffraction Angle (2) 
1 2 3 
4 5 
  
67 
In addition to these super lattice reflections, a weak ½ {111} peak also observed. Such a 
weak reflections have been previously reported 
69
,  and ascribed to cation ordering on the 
B-site. The Raman spectroscopy results in Figure 39 support this claim, as both F2g and 
A1g modes are caused by cation ordering. The A1g mode is sensitive to both long range 
and short range order , whereas the F2g modes is only active in materials which have long-
range order on the B-site 
 
 
 
Figure 21 . Raman spectrum of LZT
34
. 
 
 
5.5. Neodymium Zinc Titanium Oxides 
 
High–resolution XRD of NZT samples also showed several superlattice peaks, labeled  
and  as in Figure 38. In addition, orthorhombic splitting of fundamental perovskite peaks 
is particularly evident, for example, in the {110} spacing. Using the peak positions of this 
triplet, lattice constants of the distorted, doubled unit cell can be calculated as a = 0.7869 
nm, b = 0.7564 nm, c = 0.8049 nm. For comparison purposes, the equivalent pseudocubic 
lattice constant would be a = 0.78248 nm, which, as expected, is slightly smaller than for 
LZT due to the smaller size of the Nd
+3
 ion. The theoretical density of NZT can then be 
calculated as th = 6.901 g/cm
3
. 
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Figure 22. X-ray diffraction pattern of the NZT powder after calcination at 1400 °C. All 
the peaks have been indexed according to an orthorhombically distorted perovskite unit 
cell with a ≈ 0.39124 nm. Superlattice  and  reflections are also indicated. 
 
The reflections marked 1 and 2 in Figure 24 correspond to two different sets of {odd, 
odd, odd} reflections, which are associated with antiphase tilting of oxygen octahedral 
along at least two axes
 
as in Figure 22, the peaks labeled 1, 2, correspond to antiparallel 
displacement of A-site cation, Nd
+3
. Again, neutron diffraction would be required to 
unambiguously establish atomic positions, 
The Raman spectroscopy of NZT is shown in Figure 25 and it differs remarkably from that 
of LZT (Figure 23) and shows none of characteristics of a typical ordered perovskite. As 
tolerance factor for NZT (t = 0.916) would be lower than might be expected in a 
perovskite, it is logical to question whether a perovskite, even if severely tilted, would be 
stable with this composition. The Raman Spectroscopy results in Figure 4 shows that both 
F2g symmetry mode at wave number of  270 cm
-1
 and A1g symmetry mode at wave 
number of 800 cm
-1
. The A1g mode is sensitive to both the long range order and short 
range order within the resonator sample materials. The F2g mode is active in materials 
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which have long range order on the B site.  By counting the fact that bulk compositions are 
highly stoichiometric, the short range order can result in changes of the Raman spectra, it 
is due to the specific atomic structure on the surface area of the resonator materials.   
 
 
 
 
Figure 23. The Raman spectrum of NZT. 
 
The atomic position in NZT is shown in part (a) and (b) of Figure 26. The Top view model 
(a) vertically is based on repetition of Neodymium and Titanium, while horizontally it is 
Neodymium, Zinc and Titanium on the first top row, at the same time as in the second row; 
it is Titanium Neodymium and Titanium. This systematically repetition is also shown in 
other Perovskite crystal structures of Rare Earth Materials. In section (b) of Figure 26, the 
Neodymium is not located on the corner of the cube and there are some distances from the 
corner, this is the result of the small size of Neodymium which rattles on different crones.  
The top view and bottom view of the model (b) of NZT shows a hexagonal shape instead 
of a cube. There is uncertainty about the exact crystal structure of NZT material. This 
research shows that there are two possibilities to define the exact crystal structure of NZT. 
The first one is based on a monoclinic crystal structure, and the second is based on a 
hexagonal.  
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(a)  
 
(b) 
 
Figure 24. The atomic positions in NZT are shown in [100] directions (a). This model is 
based on monoclinic P21/n crystal structure (b)
Error! Bookmark not defined.. 
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5.6. Lanthanum Magnesium Titanium Oxide 
 
It was previously shown that La(B’½B”½)O3 perovskite presenting oxygen octahedra tilt 
and B’/B” ordering have negative TCF,70,71,72  while alkaline-earth-metal titanate have 
positive one
 73 74,75
. 
 Therefore the preparation of solid solutions between those compositions is a promising 
way to obtain materials with TCF close to zero
76,77,71 
. The microwave dielectric properties 
of LMT were previously studied and the reported values of 
r  and Q are in a good 
agreement 27.4-29 and 63100-75500, respectively
74,78,79
. However, there are some 
discrepancies in crystal structure data.  
In earlier paper the structure of LMT was reported as a cubic one (space group Pa3 a= 0.79 
nm or a= 0.39 nm
Error! Bookmark not defined.
). Later, 1/2(111) superlattice and split of the 
fundamental lines were observed, but no other structural information was given
80
, recently 
the structure was re-refined and found to have lower symmetry
71,81  
 but there was still a 
contradiction in the assigned space group. Meden et.al.
 82
, described the structure with 
Pbnm space group, while Lee et.al. used P21/n. Further lowering of symmetry in the P21/n 
is caused not so much by the distortion of the unit cell but by presence of only one B site in 
the Pbnm space group and therefore its inability to describe existing Mg/Ti ordering
83
 
according to Glazer,
8485
 the superlattice reflections with specific combination of odd(o) 
and even(e) Miller indices point to the presence of definite peculiarities in the structure of 
perovskite in phase and anti phase tilting of octahedra, chemical ordering and antiparallel 
shift of cations.  
By analysis of diffraction data, Lee et al suggested that LMT has (a
-
a
-
c
+
) tilting system. 
The extra peaks indicating in phase tilting (eoo,oeo,ooe) were not found in the x-ray 
diffraction(XRD) pattern and could be observed only with high resolution transmission 
electron microscopy. However LMT perovskites were found to be great interest as 
prospective microwave materials owing mainly to their high quality factor. These 
perovskites have low tolerance factor because of considerable size misfit of constituting 
atoms and are characterized by an oxygen octahedral tilt.  
 
The x-ray pattern for LMT powder shown in Figure 27. It agrees well with that already 
reported by Bhalla et.al
67
. 
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It is indexed according to the Magnesium Lanthanum Titanium Oxide PDF card number 
49-242. with single phase cubic crystal structure with a ≈ 0.39124 nm. Other LMT 
composition reported by Negas et.al.
86
, showed the orthorhombic crystal structure  but 
XRD of sample powder did not show any broadening or splitting of cubic peaks All the 
XRD patterns of calcined and the sintered pellets were identical. Previously, the disordered 
1:1 and ordered cubic perovskite structure was suggested for LMT
87,
. However, to 
determine the exact crystal structure and space group of LMT samples, high resolution 
transmission electron microscopy and Rietveld refinement by using GSAS should 
performed. This perforation is showed that LMT has monoclinic crystal structure. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 25. X-ray diffraction pattern of the LMT powder after calcination at 1600 °C. All 
the peaks have been indexed according to PDF card number 49-242 and an cubic 
perovskite unit cell with a ≈ 0.39124 nm. 
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5.7. Neodymium Zinc Titanium Oxide 
The X-ray pattern for NMT powder is shown in Figure 28. It agrees well with that already 
reported by Hyun Yoon
88
 and Ferreira et.al.
89
. It is indexed according to the Neodymium 
Magnesium Titanium Oxide PDF card number 77-2426; with a single phase monoclinic 
crystal structure with a ≈0.546610 nm, b ≈ 0.559050 nm,  c ≈ 0.776800 nm and a P21/n 
space group. Other NMT compositions reported by Ferreira et.al. showed also the 
monoclinic crystal structure. The XRD of sample powder did not show any broadening or 
splitting of monoclinic peaks. All the XRD patterns of were calcined, and the sintered 
pellets were identical. Previously, the disordered 1:1 ordered monoclinic perovskite 
structure was suggested for NMT
88,89
. However, to determine the exact crystal structure 
and space group of NMT samples, high resolution transmission electron microscopy and 
Rietveld refinement by using GSAS should be performed. This perforation is underway. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. X-ray diffraction pattern of the NMT powder after calcination at 1675 °C. All 
the peaks have been indexed according to the PDF card number 77-2426, and the 
monoclinic perovskite unit cell. 
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6. Raman Spectroscopy of LMT based compounds 
 
The LMT based samples were examined by Raman Spectroscopy and the results are shown 
in Figure 27. It indicates solid solutions with a partial replacement of the structure A site 
perovskite, which led to a number of different structural modifications for the three cations 
(Ca, Sr , Ba ) involved , the CaTiO3 (CT), SrTiO3 (ST) and BaTiO3 (BT) doped.   
The peak position in 353.7 Raman shifts of LMT has a band width of 11.8, while the peak 
position in 720.2 Raman shifts has 24.3. After doping the material with 0.5 BT-0.5LMT 
the position of the peak changed to 754.1 with a band width of 61.7.   
The situation is changed for 0.5 ST-0.5LMT because the position of the peak changed 
from 77.3.7 to a band width of 70.7. Furthermore, the position of the peak in 0.5 CT-
0.5LMT is changing to 762.9 and the bandwidth is changing to 83.2.  
The result shows that the narrowest bandwidth is (61.7) and it is belong to BT-LMT which 
has the largest spread of tolerance factor (0.151) and has a short range band order. 
This statement indicates that the tolerance factor spreading has a direct connection to the 
degree of ordering. The results shows that the A site cation ordering has an effect on both 
bandwidth and Raman band ordering
90
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Figure 27.  The Comparison between Raman spectra of LMT and doped LMT
90
.  
 
6.1. Raman Spectroscopy of CaTiO3 doped by NdAlO3  
 
The crystal structure of CaTiO3 can be describe by orthorhombic and space group of Pnma. 
The crystal structure of NdAlO3 (NA) can be describe by Rhombohedral and space group 
of cR

3 . The Raman spectroscopy of xCT-81-x)NA solid solutions (x = 0-1) in the 
frequency range of 150 – 850 cm-1 illustrated in Figure 30. The Raman spectrum of 
NdAlO3 scattered band at 163, 241, 509 cm
-1 
, the frequency of these peaks match well 
with other research in connections to NdAlO3
91,92,93
. 
The Raman spectrum of other member part at the end of the spectrum match well with 
Hirata et.a
94
l., where at the 182, 226, 246, 288, 339, 471, 495, and 640 cm
-1
 Raman modes 
is detected.   
 
 
Figure 28. Raman Spectroscopy of CT-NA and
90
  
 
The Ti-O symmetric stretching vibration band can be observed at 641 cm
-1
. The Ti-O 
stretching also was detected by Balachandran et al
95
at 639 cm
-1
.  The A site ions motion 
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occurs around 183 cm
-1 
band. The rotation of the Oxygen cage is associated with band in 
the region of 225 – 340 183 cm-1. By increasing the concentration of CaTiO3 gradually, the 
significant changes can be observed. The new Raman active mode appears and several 
peaks are going to be diverged. The vibration at a low frequency can be related to the 
external modes. This is as a result of the relative motion in A – site cation against the rigid 
oxygen octahedrons.  
Figure 30 shows that at 200 and 183 cm
-1 
area which is labeled as A , by increasing the 
amount of CaTiO3 frequency also increases, these changes are more noticeable at 247 cm
-1 
in CaTiO3.  
The Ionic radius of Ca
2+
 (0.135 nm), Ti
+4 
(0.0605 nm), Nd
3+
 (0.109 nm) and Al
3+
 (0.0503 
nm) shows the size of cation which can be used as a doped material,  the larger cation in 
CaTiO3 will produce a force in A-O band, when the CaTiO3 concentration is higher, which 
causes the frequency mode around 200 cm
-1  
which increases as a result of the increase in 
CaTiO3 concentration.  
In the pure NdAlO3, the mode around 350 cm
-1 
peaks (which are labeled by B) does not 
exist. This mode is a result of the oxygen octahedral with orthorhombic structure 
distortion, and it increases by adding the amount of CaTiO3. 
Around 800 cm
-1 
mode the area which is assigned by D, in Figure 30, is not present in pure 
NdAlO3 and CaTiO3. This mode is present in all mixed compounds CTNA1/8 to CTNA 
1/8. This can be as a result of cation ordering. The strongest peak intensity ordering is 
coming from CTNA 4/8 compound.  
 
6.2. Raman Spectroscopy of LaGaO3 and CaTiO3 Compound  
The crystal structure of both LaGaO3 and CaTiO3 belongs to the same space group Pnma 
(62); therefore the Raman optical modes and the position of peaks modes for these two 
compounds should be identical. 
Figure 31 is supporting the above assumption.  By increasing the amount of CaTiO3, the 
frequency increases from 200 cm
-1
 mode to 247 cm
-1
. The similar situation also can be 
found in a CaTiO3- NdAlO3 system.  
However, in comparison, the magnitude of this Raman shift is much smaller compared to 
the compound of CTNA. In the pure CaTiO3, the mode around 750 cm
-1
 is absent.  
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Figure 29.  Raman Spectroscopy of CTNA Solid Solution
90
. 
 
This mode is present in all mixed compounds from CTLG 1/8 to CTLG 7/8. It is important 
to notice that the strongest peak of intensity is located in CTLG 4/8 which is similar to the 
CTNA compound. These strong changes can be described by B-site cation ordering.  By 
comparison between the peaks in position of CTNA and CTLG 4/8, the intensity of CTNA 
is much stronger; this implies a weaker order or disorder influence of CTLG.   
 
 
  
78 
 
6.3. Raman Spectroscopy of (1-x) Sr(Mg1/3Nb2/3)O3 -xCaTiO3 
 
The Raman spectrum of Sr(Mg1/3Nb2/3)O3 includes scatter bands at 235, 283, 301, 314, 
319.435449, 525 and 825 cm
-1
. It is important to note, the significant bands 319 cm
-1 
and 
825 cm
-1 
are absent in CaTiO3; these are shown in the Figure. These two strong bands have 
high intensity and narrow width bands which indicates the ordering type of Raman 
scattering modes.  
The most characteristic band, around 780 cm
-1
 in Pb(Mg1/3Nb2/3)O3 reported by Jiang et 
al
96 
, it is related to the ordering of B-site Ions. The Raman scattering is very sensitive to 
the degree of long range order and the F2g mode in the region of about 360 cm
-1
 which can 
be a result of the B-site cation ordering in Pb(Sc1/2Ta1/2)O3. It is reasonable to take into 
consideration the two bands at 825 and 391 cm
-1
 in Sc(Mg1/3Nb2/3)O3 are the result of 
ordering in B-site Ions. It is also important to note by increasing the amount of CaTiO3 a 
diluting effect of concentration is starting and the band at 391 cm
-1
 disappears and the 
intensity of 825 cm
-1
 start to diminish. The 825 cm
-1 
band also becomes wider by gradual 
increase in the amount of CaTiO3.    
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Figure 30.  Raman Spectra of (1-x) Sr(Mg1/3Nb2/3)O3 -xCaTiO3
90
. 
 
This is a result of the degree of disorder on the B-site in the CaTiO3-Sr(Mg1/3Nb2/3)O3 solid 
solution concentration. Mainly, the highest frequency band at 825 cm
-1
 is related to the 
ordered regions. However, the characteristic band of maximum frequency from the 
disorder part may also position in the same frequency range
97
.  
In the conclusion, the total effect is the result of broadening due to the disorder and 
narrowing because of B-site ordering induced by the presence of Mg and Bb.  
There are some similarities between 525 cm
-1
 band mode and 825 cm
-1
, therefore 525 cm
-1
 
band also can be regarded as a disordered type mode. This position in Raman spectroscopy 
is related to inverse symmetry of distortion in B-site sublattice.  
 
The Cation ordering in Sr(Mg1/3Nb2/3)O3 can be attributed to the size of cation Mg
2+
 
(0.720) and Nb
5+
 (0.64), therefore Ti
4+
 (0.605) substitution on B-site can reduce driving 
force for ordering.  
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As can be seen in Figure 32, the bands at 391 cm
-1
 and 825 cm
-1
 diminish; the most 
probable is a result of reduction in the degree of B-site ordering. However, when x ≥ 0.2 
the 391 cm
-1
 band disappears; this proof that the 1:2 long range B-site ordering has been 
devastated. In addition, the 825 cm
-1
 band is present and with increasing CaTiO3 
concentration it becomes wider.   
 
6.4. Raman Spectroscopy of xCaTiO3-(1-x)La(Co1/2 Ti 1/2)O3  
 
The Raman Spectroscopy of La(Co1/2 Ti 1/2)O3 is shown in Figure 33. The region of 186 
cm
-1 
shows the band mode in connection to motion of La
3+
 (0.032 nm). The rotation like 
modes is attributed to the lines at 248, 292 and 351 cm
-1
.  
The internal vibration of oxygen cage comes from the 523 cm
-1 
region. Figure 33 implies 
this frequency region is related to orthorhombic or monoclinic crystal structure of 
materials. The two bands at 605 and 650 cm
-1 
are very intense and their frequency 
positions are suggesting that these two bands could arise as a result of Jahn-Teller (JT) 
Octahedra distortion. 
 
This explains the Geometrical distortion of Ions and molecules that are related to electron 
configuration and in certain areas.
 
The JT distortion in perovskite materials have been 
widely studied, Loa et al
98
 and Abrashev et al 
99
. In their investigation they observed the 
comparable distortion in LaMnO3 at 610 to 650 cm
-1.  
It is suggested that for non linear molecules in an electronically reduced state, distortion 
will occur to decrease the symmetry, lower the energy and remove the degeneracy.     
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Figure 31. The Raman Spectra of xCaTiO3-(1-x)La(Co1/2 Ti 1/2)O3 
90
. 
 
In some materials such as BO6 which can be consider as non-linear molecules, the Jahn 
Teller distortion can occur. However, the distortion depends on the type of cation at B-site, 
the Mn
3+
 electronically degerate (T1g) ground state.  
Some element such as Mn
3+
 has a degerate (T1g) ground state in its electron configuration; 
this can cause compression or extension in the Mn-O atomic bond pairs, as a result the six 
Mn
3+
 bands are not equally distributed. Some Mn-O bands are shorter than others, this 
phenomena is shown schematically in Figure 32. However, higher charged of the same 
element for example the six Mn
4+
 bonds may have equal length, it has a singlet (A2g) 
ground state, and therefore Jahn-Teller distortion is not possible in this situation.  
In the perovskite crystal structure Jahn-Teller can be compatible with structure, in such a 
case the Jahn-Teller distortion are coherent and static, therefore Jahn-Teller effect does not 
show the appearance of new Raman Spectral features.  However, in some cases the Jahn-
Teller effect and average crystal structure may not be compatible; in that kind of situation 
it is difficult to detect dynamic and incoherent local distortion by an x-ray diffraction 
method. The Raman spectroscopy has a much longer wave length, it is important to expect 
that, both Raman modes of the characteristic structure and new Raman band spectra related 
to local  Jahn-Teller distortion will appear
100
. 
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Figure 32. Schematic illustration of Jahn-Teller distortion
90
. 
 
 
 
The high resolution neutron synchrotron powder diffraction of a perfect cubic perovskite 
La1/2Ba1/2CoO3 have shown the start of a long range tetragonal phase is the result of 
common and static Jahn Teller distribution of CoO6 octahedra. The intermediate spin-state 
configuration of Co
3+
 (d
6
) and Co
4+
 (d
5+
) species are effected by Jahn Teller distortion in 
the structure.  
Figure 33 demonstrates 715 cm
-1
 bands in connected to the inhalation (Alg) mode of the 
oxygen octahedral; this is a characteristic of the B-site order band in the perovskite 
compound.  
The differences between neighboring oxygen octahedra is the reason for causing the 
Raman activation of band mode, this can be evidence of a non-random distribution of  
Co 
2+
 /Co 
3+
 and Ti
4+
 on the B-sites.  
Siny et al
101
  discussed this inhalation Raman band observed in various perovskite 
compounds such as Pb(Sc 1/2 Ta1/2)03 (PST), Ba(Mg 1/3Ta 2/3) O3 (BMT) and Pb(Mg 1/3 
Ta2/3)03 (PMT) and Jiang et al.
102
 observed a similar band in Pb(Mg 1/3 Nb2/3)03.   
It is found that the A1g mode frequency in the perovskite compounds is changing due to 
changes in the mode of the normal vibrations in A(B'B")O3 .  
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This demonstrates that, the A1g mode is a simple motion of the oxygen atoms similar to 
the inhalation-type of a free octahedron. The B-site cations can influence the frequency 
and the line shape through B-O bond lengths. The ionic radii, and the A1g mode can reveal 
the effect of subtle changes in the perovskite structure; electronegativity of A and B 
cations may also influence the frequency mode.  
It is found that intensities of the 605 and 650 cm
-1
 bands related to JT distortion is 
reducing,  with increasing x, demonstrating a reduction of the JT effect when CaTiO3 is 
substituted for La (Co ½ Ti ½)O3 (LCT). As x increases, the frequency of this mode rises; 
this is analogous to the A1g mode frequency. It is also evident that rotation-like band 
intensities of the 248, 292, 351 cm
-1
 in LCT are much weaker compared to those in 
CaTiO3, which can be a result of a higher degree of oxygen octahedral tilting in CaTiO3.  
 
 
6.6. Summary of Raman Results 
The Figures 33-37 is presenting four solid solution series studied by Raman spectroscopy. 
For comparison reasons from the above mentioned solution, four compositions are selected 
and represented in Figure 37. There are some significant and important results achieved as 
follows: 
 
In the all the both, compound and mixed compound of 800 cm
-1
 band mode exist, but this 
band is absent in a simple perovskite such as CaTiO3, LaGaO3and NdAlO3, indicating that 
this band is associated with distribution of B-site cations. 
 
The 391 cm
-1 
bands clearly shows long range order in Sc(Mg1/3Nb2/3) O3, but  it doesn’t 
exist in the Sc(Mg 1/3 Nb2/3) O3. The Sc(Mg 1/3Nb2/3)O3 is a long range order materials in 
B-site and there is no sign of it in La(Co½ Ti ½)O3. 
The CatTiO3-Sc(Mg1/3Nb2/3)O3 at 800 cm
-1
 has the strongest band and a short range 
ordering,  simultaneously the CaTiO3-LaGaO3 has the lowest and the weakest band at the 
same region.  
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Figure 33. The Raman Spectra of CT-SMN-(xCaTiO3-1(1-x)Sr(Mg 1/3Nb2/3)O3)
90
. 
 
Figure 34. The Raman Spectra of CT-NA-(yCaTiO3-1(1-y)NdAlO3)
90
. 
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Figure 35. The Raman Spectra of CT-LG-(zCaTiO3-(1-z)LaGaO3)
90
. 
 
Figure 36. The Raman Spectra of CT-LCT-(xCaTiO3-1(1-x)La(Co1/2Nb1/2)O3)
90
. 
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Figure 37. Raman spectra of four different compounds 
90
. 
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7. Transmission Electron Microscope  
De Brogile
103
 
 
equation shows that electrons possibly can be observed as particle waves 
with wavelength of   given by relation mν = h/λ. 
  2/12ee  )mc2/eV1(emV2 
h

   (29) 
Wherev (m) is electron mass; (e) is electron charge; (c) is speed of light; and (h) is Plank’s 
constant. The values of   in different acceleration voltage can be defined by using the 
above equation. 
For example, by using the equation (29), and transmission electron microscopy (TEM) 
with 100 kV accelerating voltage, the wave length will be around 3.7  10-3 nm. 
In a transmission electron microscope, usually a thin single phase sample with the 
thickness of 100 to 500 nm is irradiated with a monochromatic beam of uniform electron 
current density. The acceleration voltage is around 100-200 kV in a normal instrument, but 
this value can be increased in a medium voltage instrument to 200-500 kV for a better 
resolution and transmission through the specimen. In high voltage electron microscopy 
(HVEM) the acceleration voltage can raise to 500kV-3MV for a higher resolution.   
When electrons are passing through the specimen, except the transmitted beam; several 
diffracted beams are generated; and by tuning the objective lens, these beams are focused 
to form a spot pattern in its back focal plane.  
 
By using other lenses this diffraction pattern is magnified to produce a spot pattern; it is 
illustrated in (Figure 38) on the viewing screen.  
This is a face centered cubic (fcc) single crystal sample of aluminum, and the direction of 
incident beam B is [100].  
The diffraction beam is D; and the transmitted beam is marked as T. The diffraction beam 
D, around the transmitted beam, is a feature of the four-fold symmetry of the [100] cube 
axis of aluminum.  
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Figure 38. A typical spot pattern from an aluminum (fcc). single crystal specimen, 
incident beam direction B = [100]; T is the transmitted spot; and D is the diffracted spot. 
When a beam of electrons is incident on the top of surface of a thin crystalline electron 
microscope specimen, a specific diffracted beam arise at the bottom of existing surface. 
Although each individual atom in the crystal scatters the incident beam, the scattered 
wavelets will only be in phase (that is reinforced), in particular crystallographic directions. 
Thus diffraction may be discussed in terms of the phase relationships between the scattered 
waves from each atom in the crystal
103
. 
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7.1. The Scattering Process  
 
The scattering process at an atom is shown schematically in (Figure 46). Here a plane 
wave is incident on an atom A, which acts as a source for a spherical wave propagating at 
an angle of 2θ, relative to the incident wave direction103. The efficiency of the atom in 
scattering wave is described in terms of the atomic scattering factor f which depends on 
both scattering angle θ, and incident electron wavelength .  
The term f  is defined as:  
 
f =
electron single aby  2 angle through scattered amplitude
atom by the 2 angle through scattered amplitude


 
 
and is given by   
)fZ(
sinh2
me
f x
2
2
2








    (30) 
where the (Z) is the atomic number; ( xf ) is the atomic scattering factor; (h) is Plank’s 
constant, (h=6.62410-34 Js); (m) is mass of the electron (mo=9.10710
-31
kg); (e) is its 
charge which is equal to (e = 1.6021019). 
The atomic scattering factor increase with increasing atomic number and is normally 
expressed as a function (sin  /) . 
 
 
  
 
 
 
Figure 39. The scattering of a plane wave at an atom  A, through the formation of 
spherical wavelets, travels at an angle 2θ to the original direction of the motion 103. 
plane wave 
2 θ 
A 
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7.2. Bragg’s Law and Diffraction 
 
The strong diffracted beam arises because scattered wavelengths are in phase in particular 
directions in the crystal that is the path difference is an integral number of wavelengths. 
This leads directly to a mainly simple method of visualizing diffraction by a crystal, known 
as the Bragg’s law Figure 47 (a) in spite of the situation describing diffraction in terms of 
the Bragg’s law for a transmitting thin electron microscope specimen ~100-300 nm thick 
consider the special case when incident beam is made up of plane waves in phase and 
oriented at an angle θ relative to two (hkl) crystal planes (I) and (II).  
Let the two waves be reflected by these crystal planes at an angle θ.  At the plane wave 
front CD two situation may occur.  
(1) Figure 47 (a) illustrates the two waves possibly in phase. (a), However the strongest 
beam will appear as a result of reinforcement. 
(2) If the wave is out of phase, it means the interfere occurs, and there will not exist any 
reflection, or it will be very weak. 
In condition (1), If the path difference POD is an integral number of the wavelength n ; 
then a strong beam will occur. 
 Since PO=OD=OLsin, 2OL=sin = n for strong beam. However, OL is the distance 
between planes called d(hkl). Therefore, for a well-built reflection, it is 
 2d(hkl) sinθ =n  (31)
 
The above equation is known as the Bragg’s law. Indeed when an incoming beam and a set 
of crystal planes are oriented at a right angle , a strong diffraction beam on the exit side 
will be produced. 
 
For example if  the reflective process is such a way that some of the electrons are passing 
through the crystal and some are not reflected. 
Consequently, as shown in Figure 47 (b), this interaction produces both a reflected 
transmitted beam at the bottom surface of the crystal with an angular relation 2.  
As a matter of fact, based on the Bragg’s law, the diffracted beam is known as reflected 
beams
103
. 
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Figure 40. (a) Reflection at Bragg’s angle  from crystal planes in a thin foil electron 
microscope specimen. (b) The relation between incidents transmitted and diffracted beams 
for a transmitting specimen
103
. 
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7.3. Camera Constant 
If a fluorescence screen or photographic film is placed a distance of L from the crystal 
(Figure 41), the diffracted spot will be displaced from the undedicated beam by distance R 
such that: 
R = L tan 2 L   (32) 
For very small tan 2 2Combining this relationship with Bragg's law (2d(hkl) sinθ 
=n) produce  
dL
R 
  
R
L
d

     (33) 
L  is called Camera constant. To define the diffraction pattern of samples, equation (33) 
was used. After d-space definition for each diffracted spot; the crystal planes were 
assigned to them. Once all the spots were indexed, the zone axis was determined as a 
single line direction, which was common to all planes represented by the spot pattern. 
 
 
Figure 41. An Electron Diagram of TEM. T is the transited spot; D is the diffracted spot; L 
is the camera length; d is the crystallographic spacing of the diffracting plane; R is the 
spacing between T and D; and  is the wavelength of the electrons104. 
T D 
2
d = planar spacing 
L 
R 
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7.4. Determination of Crystal System 
To determine Crystal structure of samples Transmission Electron Microscope (Jeol Jem 
2010) was used. Joel JEM is a high resolution analytical microscope fitted with LaBa6 
filament operating at acceleration voltage of up to 200 kV and has a lattice resolution of 
better than 0.2 nm. The equipment is fitted with Oxford Instruments Analyser INCA 
Energy 300 system.  
The crystal structure of samples can be determined by using Kikuchi lines. Because 
Kikuchi lines exhibit Laue crystal symmetry, they may be used in principle to determine 
the crystal system to which a phase belongs. However, such determination is generally 
simpler using alternative x-ray techniques.  
Some success may be obtained in the electron microscope where large angles of specimen 
tilt are available.  
The Kikuchi line occurs if a Selected Area Diffraction Pattern (SADP) is taken from a 
single crystal specimen provided the sample is reasonably thick usually it is about half 
maximum useable penetration and it must have low defect density. Kikuchi line and spot 
patterns are significance of Single crystal area of the specimen. However, Kikuchi line 
consists of both pairs of dark and bright lines By Kikuchi line the orientation relationship 
between phases can be determine. Kikuchi lines are very useful in orientating the crystal 
precisely in the TEM. When the sample is tilted, the kikuchi lines move as they were 
attached to the bottom of the crystal.  
The various diffracted spots never move, they just appear and disappear as the angle 
changes; but Kikuchi line moves with specimen. Following them in a handy way to tilt 
systematically in order to navigate form one zone axis to another or to find appropriate two 
beam conditions for example where only one set of planes Bragg diffracts for defect 
analysis. Kikuchi lines are only observable if the specimen is thick enough to generate 
sufficient intensity of scattered electrons.  
In a very thin specimen the lines will be too weak to distinguish from the background. As 
thickness increases, Kikuchi lines and then bands are observed until finally total absorption 
occurs and nothing is visible. Figure 42 shows a kikuchi patterns of Neodymium zinc 
titanium oxide (NZT). 
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Figure 42. Kikuchi Patterns of Single Crystal region of NZT 
 
 
 
 
LZT is a perovskite which forms in the orthorhombic or monoclinic system, although the 
exact crystal structure remains unclear. Its tolerance factor is t = 0.947, which, according to 
the work of Reaney et al 
74
, indicates the presence of both in-phase and anti-phase tilting of 
oxygen octahedra. The effects of this tilting have been observed
 
by XRD in the form of 
½(311) and ½(310) superlattice reflections corresponding to anti-phase and in-phase 
tilting, respectively. Systematic cation displacement was also detected by the appearance 
of ½(210) reflections, and ½(111) reflections were observed and ascribed to the doubling 
of the unit cell caused by the B-site cation ordering. It is possible to derive by the tilts 
present the three possible orthorhombic space groups (Pmmn, Pnma, or Cmcm) for the 
structure, but TEM work would be required to unambiguously establish the structure. The 
detailed study of crystal symmetry or atomic positions has been undertaken and described 
in the following chapter. The monoclinic structure with space group of P21/n is purposed 
for LZT. 
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7.5. A method for modeling a particular perovskite structure. 
This method described here is a simple way to model the perovskite crystal structure; 
however this is not valid for all of them. The structure could be divided into their different 
parts as follows: 
(a) Tilting of anion octahedral. 
(b) Displacement of cations; these can be parallel (ferroelectric structure) or anti parallel 
(anti ferroelectric structure). 
(c)  Distortion octahedral. 
 
Tilting of anion octahedra, displacement of cation and distortion are important factor in 
soft modes of material and usually can be find near the phase transitions.  
Distortion of octahedral usually has a connection with displacement of cation.   
It is extremely important to declare that the tilting of anion octahedral is the centre for 
establishing the overall space group symmetry of the particular perovskite.  
The aim is to realize the nature of diffraction pattern, and this is significantly depending on 
understanding the origin of tilting. Otherwise, all unit cells will be counted based on the 
pseudocubic axes. 
 
Tilting of anion octahedral 
 
Figure 50 shows a diagram of the perfect perovskite when the cation are displaced or 
octahedral are tilted or rotated as a result different type of structure are produced such as 
hettotype and aristotype.  
Hettotypes define as lower temperatures which are always of lower symmetry than the 
aristotype which are usually related to the highest-temperature phase. When a particular 
octahedron is tilted about some direction; it turns out that there is no single answer to this 
happening. In fact there are 23 possible simple tilt systems 
85
. 
It is possible based on breaking tilt system into the component about the three pseudocubic 
axes derive a convenient nomenclature for the tilt structure.   
  
96 
 
Figure 43. The ideal cubic(aristotype) perovskite of formula ABX3 (A=cation, B=cation, 
X=anion). The anions are at vertices of the octahedra.  
 
 
(a) Unit-cell lengths 
 
The double cell axes are the most important result of tilting system. The Figure 44 
illustrate tilt axis where it is going vertically out of the paper plane 
 
Because of the tilting reason, the B cation-anion bond in one octahedron will rotate in an 
opposite direction to that in a neighboring octahedron; therefore the repeat distances 
perpendicular to the tilt axis will increase to a double time of its initial size. 
 
Simultaneously the challenge is to hold the B cation-anion bond distance; therefore this 
causes the B to B cation distance to become shorter and hence reduce the related axial 
lengths. 
 If the angles of tilt about the pseudocubic [100], [010], and [001] directions are 
represented by α, β and γ respectively, then the new axial lengths will be as the following 
equations:  
 
   coscosaa 0p   (34) 
X Anion 
A Cation 
B Cation 
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   coscosaa 0p   (35) 
In the above equations ap, bp and cp are the pseudocubic which are containing subcell 
lengths and ao the cell edge length of the aristotype.  
 
Figure 44. The tilting of octahedra about an axis normal to the plane of the paper
85
. 
 
 
 
By rearranging these equations thus: 
 









cos
cos
a
c
      
cos
cos
c
b
       
cos
cos
b
a
p
p
p
p
p
p
  (36) 
This means that when any two angles are equal, it has a direct connection to the equality of 
the cell axis, and from that point it is coincident with the tilt axes. 
 
For example, if α and β, are equal in magnitude and the tilt occur about [100] and [010], 
then ap must be equal to bp. It must be noticed that it is the tilt that governs the symmetry 
and here the distortion of octahedra is ignored. However, it is possible to apply the formula 
to calculate the absolute value of lattice parameters, but the distortion must be ignored. 
 
 
2ap 
B Cation 
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Therefore if the lattice parameters are known one may conclude the tilt angles are equal or 
not. This only holds true, of course, when there are tilts present; when they are not, the 
lattice parameters are correlated directly with octahedral distortions normally produced by 
cation displacements. 
 
The nomenclature for a tilt system, denoted by a repetition of letters related to that 
particular tilt axis, for example, aac means equal tilt, about [100], [010] or [001]. 
Therefore, aaa means equal tilts about all three axes, and abc means three tilts which are 
not equal. These symbols simply define which unit cell axes are equal and which are not. 
In these examples, there are: 
 
aP = bp cp for aac 
aP = bp=cp for aaa 
aP  bp cp for abc 
 
(b) Unit-cell angles 
There are mainly two kind of tilt: In Phase and antiphase  
1. When tilt of octahedra occur in a direction of tilt axis it is called in phase octahedra and 
denoted with the superscript (+).    
 
2. If the octahedra along the tilt axis are tilted in opposite direction it called antiphase tilt 
and denoted by (-). 
 
When there is no tilt found in any particular direction of axis it is represented by zero 0. 
It is important to notice that by selecting correct signs of these tilts, it is possible to 
determine the kind of unit cell angles and lattice type.   
For example if there are two plus (+) tilts, or one plus (+) and one minus sign (–) tilt, it 
suppose that the associated axes are perpendicular or normal to each other. 
Any two minus sign (–) tilts denote that the pertinent cell axes are inclined to each other.  
For example three axes that have unequal length and are normal to one another are shown 
by a
-
b
+
c
+
. 
 
 
Complete list of possible simple tilt systems 
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Serial No. 
Three tilt 
system 
Symbol Lattice 
centring 
Multiple cell Relative pseudocubic 
subcell parameters 
Space group 
1 a
+
b
+
c
+ 
I=BBC 2ap 2bp 2cp aP bp cp Immm (No.71) 
2 a
+
b
+
b
+ 
I=BBC  aP bp=cp Immm (No.71) 
3 a
+
b
+
b
+
 I=BBC  aP=bp=cp Im3 (No. 204) 
4 a
+
b
+
c
-
 P=primitive  aP bp cp Pmmn (No.59)  
5 a
+
a
+
c
-
 P=primitive  aP=bp cp Pmmn (No.59) 
6 a
+
b
+
b
- 
P=primitive  aP bp=cp Pmmn (No.59) 
7 a
+
a
+
a
-
 P=primitive  aP=bp=cp Pmmn (No.59) 
8 a
+
b
-
c
-
 A=base 
centerd 
 aP bp cp 
90  
A21/m11 (No.11) 
9 a
+
a
-
c
-
 A=base 
centerd 
 aP=bp cp 
90  
A21/m11 (No.11) 
10 a
+
b
-
b
-
 A=base 
centerd 
 aP bp=cp 
90  
Pmnb (No. 62) 
11 a
+
a
-
a
-
 A=base 
centred 
 aP=bp=cp 
90  
Pmnb (No. 62) 
12 a
-
b
-
c
-
 F=face 
centred 
 aP bp cp 
90   
F

1 (No.2) 
13 a
-
b
-
b
-
 F=face 
centred 
 aP bp=cp 
90   
12/a (No.15) 
14 a
-
a
-
a
-
 F=face 
centred 
 aP=bp=cp 
90   
R

3 c  (No.167) 
2-tilt 
system 
     
15 a
0
b
+
a
+
 I=body 
centred 
2aP 2bp 2cp aP < bp cp 
 
Immm (No.71) 
16 a
0
b
+
b
+
 I=body 
centered 
 aP < bp=cp 
 
14/mmm 
(No.139) 
17 a
0
b
+
c
-
 B= base 
centered 
 aP < bp cp 
 
Bmmb (No.63) 
18 a
0
b
+
b
-
 B =base 
centered 
 aP < bp=cp 
 
Bmmb (No.63) 
19 a
0
b
-
c
- 
F=face 
centered 
 aP < bp=cp 
90  
F2/m11(No.12) 
20 a
0
b
-
b
-
 F= face 
centered 
 aP < bp=cp 
90  
Imcm (No.74) 
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1-tilt 
systems 
     
21 a
0
a
0
c
+
 C= base 
centerd 
2aP 2bp 2cp aP=bp<cp 
 
C4/mmb (No.127) 
22 a
0
a
0
c
-
 F= face 
centered 
2aP 2bp 2cp aP=bp<cp 
 
F4/mmc (No. 140) 
0- tilt 
systems 
     
23 a
0
a
0
a
0
 P=primitive 2aP 2bp 2cp aP=bp=cp 
 
Pm3m(No.221) 
 
 
 
Or if the axis are designed by a
-
b
-
c
+ 
, it means that we have two equal axes designed by two 
negative sign (–) ap= bp, which are inclined to each but both are perpendicular to cp. 
positive (+) sign. 
If the axis are designed by a
-
b
-
c
- 
it means there are three equal axes with equal angles 
inclined to one another 
85
.  
 
(c) Difference reflections 
Since tilting of the octahedra causes a doubling of the unit cell axes, extra reflections are 
produced which lie on half-integral reciprocal-lattice planes. With reference now to the 
doubled unit cell these reflections can be indexed with some indices odd, whilst the 
ordinary reflections (the main reflections) have all hkl even. It turns out, fortunately, that 
the two types of tilts, in phase (+) and anti phase (-), result in two distinct classes of 
difference reflections. It is a simple matter to show that (+) tilts give rise to reflections of 
type odd-odd-even, whilst (–) tilts produce odd-odd-odd reflections. More specifically 
according to following rules: 
 
a
+
 produce reflections even-odd-odd with k l  for example 013, 031. 
b
+
 produce reflections odd-even-odd with h l  for example 103, 301. 
c
+
 produce reflections odd-odd-even with h k for example 130, 310. 
a
-
 produce reflections odd-odd-odd with k l  for example 131, 113. 
b
-
 produce reflections odd-odd-odd with h l  for example 113, 311. 
c
-
 produce reflections odd-odd-odd with h k for example 131, 311. 
  
101 
 
Complete list of possible simple tilt systems 
 
Actually it is possible to go still further and derive the relationships between the intensities 
of difference reflections and tilt angles, ,, and  . These are  
22)()( kl likiaI   
22)()( lh lilibI   
22)()( hh lihicI   
2])()()[(),,(  hklhkl kihihililikicbaI   
Where i= 1V and the  signs depend on the particular choice of origin for the tilt system 
(there are two such a choices in general, but for the present purposes we shall not need to 
consider them). Another point is that + tilts produce Bragg reflections at reciprocal-lattice 
points corresponding to the one-face-centered positions, whilst for – tilts they occur at the 
all-face-centered points. When these tilts arise, as they often do, through the ‘freezing-in’ 
of a soft mode at a phase transition, the relevant mode is one with wave vector q = (  0
2
1
2
1 ) 
+ and q = (
2
1
2
1
2
1 ) for (–) tilts. This is often described as the condensation of a phonon at 
the M and R points respectively of the Brillouin zone (with the origin chosen at centre of 
octahedra the irreducible representations for these modes are conventionally labeled M3 
and R25) e see then that this system of tilt components is naturally related to the normal 
modes of vibration which are so important near a phase transition. 
 
Cation displacement 
There are some rules to define the cation displacement; however it is not easy to find fast 
rules for that kind of displacements. Sometimes half integral difference reflections (or odd 
indices on the doubled pseudocubic cell) occur which do not conform to the tilt reflections, 
in which case it is relatively easy to infer the type of displacement. Clearly this can only 
occur when they are antiparallel; when they are parallel however, no difference reflections 
are produced. The most reliable indication of the displacement is often given by the space 
group due to the tilt system, particularly if it is known whether the particular substance is 
centrosymmetric or not. If the displacements are anti-parallel the structure is 
centrosymmetric and normally the space group is the same as that for tilt system alone. 
When displacements are parallel, the structure is non-centrosymmetric and space group is a 
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subgroup of that for the tilt system. It is therefore relatively easy to suggest the most likely 
space group for the structure and since the A and B cations usually lie at special positions 
we often know the displacement directions.  
When there is no tilt present, as evidence perhaps by lack of necessary difference 
reflections, the displacements can often be ascertained from the unit cell geometry. Thus if 
the unit cell is rhombohedral distortion of aristotype cell, and no difference reflections are 
found, it is reasonable to suppose that the structure has parallel cation displacements along 
[111] (the threefold axis) with space group R3m . The lowest temperature phase of BaTiO3 
is an example of this 
84,85
.  
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7.6. [001] Type zone of Lanthanum Zinc Titanium Oxide 
Figure 45 shows the indexing of LZT. At the present, the double perovskite (C2cm) space 
group with a = 0.78933 nm, b = 0.788242 nm, c = 0.790363 nm is defined; and the 
refinement of a smaller model (P222, Pmm2, or Pmmm, a = c = 0.55789 nm, b = 0.78898 
nm) remains for later to be defined. However the study of LZT shows trivalent La
+3
 is 
located on the A site of a complex perovskite. This ordering is a result of ZnO evaporation 
during sintering; this modification changes the structure of LZT and produces cation 
vacancies. (The method of indexing of this pattern is included in Appendix 11.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45. Shows the tilt axis of LZT [001]. 
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Previous data could not be found for NZT analogue, and there was not any information 
about this material and its crystal structure, as well as its space group. NZT is a material 
newly discovered during this research work
34
. 
After testing the samples by TEM the results indicated that the space group could be one of 
the following groups: P1, P21/m, P2/m, I2/a, Pmmn, P4/mmc.  is defined as anti-parallel 
displacement of Nd
+3 
ions 1/2[ even, even, odd]. At least one axis without (+). No  (in 
phase tilting of oxygen octahedra) reflections could be found. (The method of indexing is 
described in Appendix 11.1.)  
Recently the monoclinic crystal structure P21/n was suggested for NZT.  
  
 
 
 
 
 
 
 
 
 
 
 
Figure 46. [111] Selected area diffraction pattern of the NZT. 
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Figure 47 shows the absence of   reflections (   reflections like 1/2 )213(

which indicates in 
phase tilting of the oxygen octahedra; odd, odd, even, and at least one axis without +). In 
this system   is equal to antiphase tilting of the oxygen octahedra, for example, 1/2[311]. 
 is equal to the anti phase displacement of Nd+3. (The method of indexing is described in 
Appendix 11.1.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 47. [110] Selected is the diffraction pattern of NZT. 
A-reflections = one, two, or three axes with (-). 
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8. The Differential Scanning Calorimetry  
 
The thermal analysis such as Differential Scanning Calorimetry (DSC) is used to 
determine the thermodynamic changes of various powders of ceramic materials or reaction 
changes between the materials and the atmosphere. The device (Perkin Elmer TGA7) 
includes two pans; the sample pan and reference pan. The powder located in the sample 
pan and the reference pan was empty.  
Each pan stands on top of the heaters, the computer turns on the heaters, and it was heating 
the two pans at a specific rate of 10 
o
C per minute. Samples were heated over a 
programmed temperature range of (30-900 
o
C).  
The computer was used to make sure that the heating rate stays exactly the same 
throughout the experiment; in other words, to keep the temperature equal in the reference 
and sample pan. The heater underneath the sample pan has to work harder than the heater 
under the reference pan; because it needs to generate more heat. This technique is called 
DSC; when it is measuring this extra heat based on the change in enthalpy.  
The changes can be an exothermic or an endothermic transition reaction in the sample, as a 
function of time and temperature. The DSC and its apparatus are shown schematically in 
Figure 48. 
 
 
Figure 48. A Schematic Differential Scanning Calorimetry Measurement. 
 
Sample  
Pan 
Ceramic 
Sample  
Reference 
Pan 
Heater                 The computer to monitor temperature and regulate heat flow 
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8.1. Electrical Measurement 
The electrical measurement including the quality factor (Q) and the temperature coefficient 
of the resonant frequency ( f ) were made at London South Bank University, using a 
network analyzer (Hewelt Packard-8719C 50MHz-13.5 GHz). f was measured for LZT 
and NZT at Filtronic Comtek. As mentioned before, the quality factor Q was tested by 
using a cylindrical resonance cavity made of high conductivity metal, with an interior 
approximately 3-5 times larger than the dimensions of the test sample. The test sample was 
placed inside the cavity upon a low loss, low dielectric constant support, and inductive 
coupling to the resonator sample was achieved; via a coupling loop or a bent probe.  
The transmission characteristics of the TE01 resonant mode were measured, and the 
quality factor was calculated using the formula, )101/()/( IL/20)(ffo where fo is the 
resonant frequency; f is the 3dB bandwidth; and IL is the insertion loss expressed in dB. 
The quality factor at very low frequencies (~1KHz-1MHz) may also be measured using 
various commercially available capacitors or L.C.R. meters and fixtures, which give a 
direct reading of tan . This technique; however, often results in quality factor data which 
are extremely inaccurate and potentially misleading, unless all variables are properly 
accounted, especially for high quality factor materials. It is best used for relative 
comparisons of similar samples. 
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Figure 49. A Schematic device for measuring the temperature coefficient factor and the 
quality factor with Hakki-Coleman configuration
105
. 
 
 
 
Before sintering, the calcined powder was pressed with a cylindrical shape of 10 mm in 
diameter and 4 mm in thickness; at an isostatic pressure of 125 Mpa. The dielectric 
constant and unloaded Q at a microwave frequency were measured using a parallel-plate 
method, with a net network analyzer (Hewelt pakard-8719 C). The temperature coefficient 
of the resonant frequency was measured at 4-11 GHz in a temperature range from -23 +37 
°C. The thermal stability of a resonator is defined by the temperature coefficient of the 
resonant frequency. It indicates graduate changes of the resonant frequency with the 
changing temperature. Our aim is to keep ( TCF)or  f  as near to zero as possible. 
Therefore it is important that the frequency of the microwave device does not drift.  
Table 8.1. compares the temperature coefficient of the resonant frequency of LZT and 
NZT.  
Table 8.2. Compares LMT and NMT; and because LZT is more negative than NZT; it is 
farther away from zero. This indicates that NZT materials has better ( f ) than LZT. 
Note that the lattice parameter of LZT is still under consideration; this lattice parameter is 
the latest which was refined. The refinement of a smaller model (P222, Pmm2, or Pmmm, 
a = c = 0.55789 nm, b = 0.78898 nm) will be done later. 
 
 
Table 8.1. Lattice parameters, theoretical density and temperature coefficient, 
permittivity, the quality factor of LZT and NZT. 
 
Resonator 
 
Lattice 
Parameter  
(a) nm 
 
Lattice 
Parameter  
(b) nm 
 
Lattice 
Parameter 
    (c) nm 
 
 th  
g/cm
3
 
 
f MK-1 r  
(Q f ) 
Value 
LZT 0.78933 0.788242 0.790363 6.587 -70.30759 33.97 8500 
NZT 0.7869 0.7564 0.8049 6.901 -47.43949 36.23 9800 
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Table 8.2. Compares the temperature coefficient of the resonant frequency ( f ), quality 
factor (Q) and dielectric constant of La(Mg½Ti½)O3 (LMT) with the cubic crystal 
structure; and Nd(Mg½ Ti½)O3 (NMT) with the monoclinic crystal structure of the 
samples. The LMT is more negative than NMT. This shows that it is further away from 
zero. This result indicates that NMT materials has a better ( f ) than LMT. 
 
 
Table 8.2. Lattice parameters, theoretical density, temperature coefficient, permittivity, 
and the quality factor of LMT and NMT. 
  
Reso 
nator 
Lattice 
    a  nm 
 
Lattice 
    b nm 
 
Lattice 
    c nm 
 
 th  
g/cm
3
 
 
f MK
-1
 r      Q 
value 
LMT 0.39195 0.39195 0.39195 6.0846 -72.896 27 34000 
NMT 0.273305 0.279525 0.38840 6.388 -16.040 25 38000 
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8.2. Conclusions 
 
The purpose of this work was to create different structure of different phases, the 
mechanisms of formation during mixed oxide synthesis, and the influence which various 
dopants have on its dielectric properties and microstructure. During this research work 
several materials was prepared and finally after a period of time, and continuation of 
research, the crystal structures were observed to transform gradually from initial structures 
to different structure or totally a new structure through the solution. It is also noticeable 
that the entire compound corresponding Bragg reflection shift to lower value of 2θ angles 
of diffraction values with resulting from the lattice expansion.  
The Raman spectroscopy of NZT shows none of the characteristics of a typical ordered 
perovskite. As the tolerance factor for NZT would be lower than might be expected in a 
perovskite, it is logical to question whether the perovskite, even if the adjacent octahedra 
are strictly tilted, would be stable with this composition. The Raman spectroscopy results 
demonstrate that both F2g symmetry mode at wave number of  270 cm
-1
 and A1g 
symmetry mode at wave number of 800 cm
-1
. The A1g mode is sensitive to both the long 
range order and short range order within the resonator sample materials. The F2g mode is 
active in materials which have long range order on the B site.   
By counting the fact that bulk compositions are highly stoichiometric, the short range order 
can result in changes of the Raman spectra, it is due to the specific atomic structure on the 
surface area of the resonator materials. The Raman spectroscopy of NZT differs 
remarkably from that of LZT and shows none of characterization of typical ordered 
perovskite. It is logical to question whether a perovskite, even if strictly tilted. There was 
not any information about this material, No Previous data could not be found for NZT 
analogue, or its crystal structure, as well as its space group. NZT is a material newly 
discovered during this research work. 
After testing the samples by TEM and SEM, the results indicated that the space group 
could be one of the following groups: P1, P21/m, P2/m, I2/a, Pmmn, or P4/mmc. The  is 
defined as antiparallel displacement of Nd
+3 
ions ½ [even, even, odd], with at least one axis 
without a (+). No  (in phase tilting of oxygen octahedra) reflections could be found. All 
the tests and examinations by TEM, X-Ray, SEM, and Raman Spectroscopy, show that 
consequences. Finally, the results show that a monoclinic crystal structure P21/n is the 
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closest suggestion for NZT. Raman spectroscopic and x-ray diffraction examinations 
demonstrate that the lattice distortion increased with the doping amount and was found to 
be higher for La-doped samples compared to the Nd doping probably because of the size of 
La which is higher than Nd.  
The Simulation and correlation used for Raman tests propose an increased defect in 
concentration of doped materials for the doped samples compared to none doped. The Rare 
Earth ceramic are showing an outstanding dielectric property as a filter materials. Finally, 
there are closely related studies done by only few groups which have been discussed at the 
section 6.1. Among these topics could be mentioned the doping of CaTiO3 by Rare Earth 
NdAlO3.  
 
 
8.3. Future research 
As mentioned previously the aim is to produce materials with high dielectric constant or 
relative permittivity ( r ), high unloaded quality factor and a temperature coefficient of 
resonant frequency (
f ) of zero.  
In order to improve further properties of dielectric materials in the system of LZT, NZT, 
LMT, NMT, for example TiO2 addition could be used to increase the permittivity of 
materials. The TiO2 (Rutile) has very high r = 104.1 and as well as very high quality 
factor Q = 104.1 at 3 GHz. The disadvantage of TiO2 is its temperature coefficient of 
frequency which is equal to 427 ppm /
o
C that is why it cannot be used as a microwave 
material. For instance the crystal structure and microwave dielectric properties of the 
La(Zn½Ti½)O3 investigated by Seo-Young Cho et.al.
69
 in the system of (1-x) 
La(Zn½Ti½)O3.xSrTiO3 and (1-x) La(Zn½Ti½)O3.xCaTiO3. Permittivity and temperature 
coefficient of the resonant frequency f  of both systems exhibited nonmonotonic 
variations with both systems. Both systems exhibited a f of zero at the same composition 
of x = 0.5 while for LZT
68
, f is -55ppm/ C. Therefore by doping LZT, NZT, LMT, NMT, 
it is possible to make new single phase materials with better r , f , and Q. For future The 
structure and dielectric characterization of (1-x)La(Zn½Ti½)O3-xNd(Zn½Ti½ )O3 
[0 1x  ] is planned to be prepared. These LZT-NZT materials could produce a new 
material with a new characterization. On the other hand CaTiO3 addition could be utilized 
to increase the permittivity of materials. The CaTiO3 had very high relative permittivity 
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r = 145 and a very positive f = 712 MK
-1
. The disadvantage of CaTiO3 is its temperature 
coefficient of resonant the frequency that is why it cannot be used as microwave material. 
Since CaTiO3 has a very high positive temperature coefficient of resonant frequency and 
and LZT, NZT, LMT,  and NMT materials have negative values, by doping CaTiO3 to 
these materials it is possible to adjust 
f  to be closer to zero and by this way improve the 
electrical properties of the materials. 
Even though the NZT has higher
r , f ,Q than LZT, but there is no any information about 
LZT-NZT system. Therefore it is necessary to prepare and test these new materials. Other 
plan for future is to prepare (NZT-LMT) and (LZT-LMT) (NZT-NMT) and (LZT-NMT).  
 
Concerning the future studies, it would be interesting to conduct experimental and density 
function Theory (DFT) based. Structure property studies on NZT based materials having 
different Zn composition. 
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9. Appendices 
9.1. Appendix (Diffraction patterns indexing Method) 
 
The method of indexing diffraction patterns (labeling the spot with appropriate (hkl’s) 
differs according to what known of specimen (crystallography) and diffraction conditions 
(camera length and voltage). Typically an experimentalist will have a fairly good idea of 
what phase or possible phases produced the pattern and a reasonable knowledge of L and  
(the product of L is often referred to as the camera constant). In such a case, the work is 
much simplified; however, if the crystallography is completely unknown, the procedure is 
complex and requires a lot of trial and error (such as structure of LZT-NZT).  
However, to begin indexing diffraction pattern (DP) such a one in Figure 1, a list of R 
spacing is required. For this purpose a ruler put across the negative and measured the space 
across an entire systematic row of spots, and take average for the space between each spot. 
The corresponding d spacing can then be calculated as L/R. These d spacing can be 
checked against a list of d-spicing for various possible phases. A good start is JCPDS card 
files, usually contain sufficient crystallographic information to calculate d-spacing. Since 
more reflections are possible in electron diffraction by double diffraction than occur by 
XRD, the JCPDS cards may not list all the d-spacing observed in the Diffraction Pattern 
(DP), and the remaining spacing must be calculated. There are a few simple equations for 
calculating d-spaces of planes in various crystal systems. In the case of cubic crystal(e.g. 
LMT), 
 
Cubic:  
2
222
2 a
lkh
d
1 
  
 
in the case of Monoclinic  crystal (e.g. NMT) 
 
 
Monoclinic :  




 





ac
coshl2
c
l
b
sink
a
h
sin
1
d
1
2
2
2
22
2
2
22
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Once hkl’s are found, they must be made systematic. 
In the case of Figure 1, the vectors was calculated as follows: 
 
9
cm 9.6
1 r  d1=3.913* 2 =7.828   (100) 
8
cm 1.6
2 r  d2=3.934* 2 =7.868   (010) 
6
cm 5.6
3 r  d3=2.769* 2 =5.538   (110) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 1. Diffraction pattern from LZT 
 
|r1|+|r2|=|r3|, in this case r1+r2 =(100)+(010)=110 which is r3. Every other spot in the pattern 
is now determined by similar vector addition. Since the camera constant is only 
approximately known, the ratio of d-spacing should be checked to ensure that they match 
those calculated from JCPDS card. Even if the absolute value of d’s is slightly off, the ratio 
of d’s should be very nearly an exact match. As an additional check, the angles between 
each plane should be measured to ensure that they are correct. For cubic crystals, the angle 
ø between two planes (two plane normals), h1k1l1,and  h2k2l2 is given by: 
 
  
010
100
_
010
_
100
110
_ _
1 1 0
_ 
1 1 0
_ 
1 1 0
r3
r1
r2
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cos θ =
)lkh)(lkh(
llkkhh
2
2
2
2
2
2
2
1
2
1
2
1
212121


 
For Monoclinic crystals, the angle ø between two planes (two plane normals), h1k1l1,and  
h2k2l2 is given by 





 





ac
cos)hlhl(
c
ll
b
sinkk
a
hh
sin
dd
cos 1221
2
21
2
2
21
2
21
2
21  
 
Zone Aix definition 
If the planes in a diffraction pattern have been indexed correctly, then the zone axis [mnp] 
is defined as the direction which they all have in common. Figure 2. the r vectors of all the 
planes must be perpendicular to this direction, i.e.,[hkl] • [mnp] = 0. It is determine by 
finding two spots h1k1l1 and h2k2l2, which are not on the same systematic row. Then,  
m= k1l2- k2l1, n= l1h2- l2h1, p= h1 k2-h2k1. A simple way is to write down the plane indices 
in two columns and strike out the first and last digits in each columns Figure 3 ,then , a 
simple cross-multiplication gives the correct result. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Generic illustration of zone axis. 
 
 
 
 
[mnp]
  
116 
 
            h1 k1 l1 h1k1 l1 
h2 k2 l2 h2 k2 l2 
  
             1  1 0  1 1  0 
             0  1 0  0 1  0 
 
                          (0*1-1*0), (0*0-0*1), (1*1-0*1) =  [001] 
 
Figure 3. Determination of zone axis of diffraction pattern of Figure 2. 
 
ZONE LAWS 
 
If a plane (hkl) lies in a zone [uvw] (i.e. the direction [uvw is parallel to the plane(hkl), 
then hu+kv+lw=0. 
If a plane (hkl) lies in zones [u1v1w1] and [u2v2w2] (the plane is parallel to these two 
directions), then [u1v1w1] [u2v2w2]=(hkl). 
The line or direction of two planes (h1k1l1), and (h2k2l2) gives zone axis [uvw]:  
(h1k1l1)   ( h2k2l2)=[uvw]. 
The plane ( h3k3l3) belongs to the same zone with the planes  ( h1k1l1) and (h2k2l2), if  
h3=mh1+nh2 
k3=mk1+nk2 
l3=ml1+nl2 
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Calculation of Theoretical density  
 
V*Avo
z*Aw
th   
th Theoretical density (g/cm
3
) 
Aw = Atomic weight (g/mol) 
Avo = 6.02   10
23 
 
D value calculation of plane space ain case of cubic structure the next formula was used: 
 
Cubic:  
2
222
2 a
lkh
d
1 
  
D value calculation of plane space in case of monoclinic structure the next formula was 
used: 
 
Monoclinic:  




 





ac
coshl2
c
l
b
sink
a
h
sin
1
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1
2
2
2
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2
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9.2. Appendix (BaTiO3 crystal structure) 
 
Most of ceramic materials have much more complicated crystal structure, however, The 
perovskite unit cell which represents one example of this increased complexity Figure 4 
and 5, is found in several important electrical ceramics, such as BaTiO3. In this structure, 
three different types of ions must be present. If barium ions are located at the corners of a 
cube, oxygen can be located at face-centered sites. And titanium ions can be placed in 
body-centered sites. Distortion of unit cell can produce an electrical signal, permitting 
some titanates to serve as transducer 
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Figure 4. BaTiO3 Perovskite crystal structure, Barium ion at corner. Oxygen 
ions at FCC sites and titanium ions is placed in BCC sites. 
 
 
 
 
 
 
 
 
 
 
Figure 5. The ideal cubic (aristotype) perovskite of formula ABX3 (A = cation, B = cation, 
X = anion). The anions are at vertices of octahedra. 
 
 
Other example of perovskite crystal structure is CaTiO3, in which the Ca
2+
 and O
-2
 ions 
combine to form a closed-packed cubic structure with the smaller, more highly charges 
Ti
+4
 ions in octahedral interstices. In this structure, Each O
-2
 is surrounded by four Ca
2+
 
and eight O
-2
, each Ca
2+
 is surrounded by twelve O
-2
. In the centre of the face-centered 
A Cation
X Anion
B Cation
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cubic unit cell the small, highly charged Ti
+4
 is octahedrally coordinated to six O
-2
 (Figure 
6). 
By applying the Pauling’s rule for bond strength and coordination number, the strength of 
Ti-O bond is two-thirds; each Ca-O is one-sixth. Each oxygen is coordinated with Ti
+4
 and 
four Ca
2+
 for a total bond strength of 4/3+4/6=2, which is equal to the oxygen valence. 
The perovskite structure is observed for CaTiO3, SrTiO3, SrSnO3, CaZrO3,SrZrO3 , 
KNBO3, NaNBO3, LaAlO3, YAlO3 KMgF3 and among others. Similar structures (closed-
packed large  
 
 
Figure 6. Perovskite crystal structure, CaTiO3 
 
cations and anions along with smaller cations and interstitial sites) occur for other 
compositions such as K2SiF6(KSi½ F3). However perovskite, are compounds with general 
formula ABX3, where A and B are cations and X is an anion, typically oxygen or fluorine. 
The basic structure shown in Figure 5 has space group Pm
_
3  m(Oh
1
) with atoms at  
A at 1b sites  (0, 0, 0) 
B at 1a sites (½,½,½) 
X at 3d sites (½, ½, 0), (½, 0, ½), (0, ½,½) 
 
In this Figure the origin is at the position of the B atom; this is in contrast to Figure 4 
where, for the same structure, atom A is located at the origin. The structure consists of 
corner-linked X-anion octahedra arranged in a regular fashion, with A cation at the centre 
of space between the octahedra and B cation located at the centre of each octahedron. 
Many materials that have this crystal structure undergo various kind of structural phase 
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transitions. Often the law symmetry (low-temperature) structures have physical properties 
that are rather different from those found in the (high-symmetry) cubic phase. Thus, many 
of these materials are exploited in technological applications, and so a fundamental 
understanding of their structure and symmetries is important. These changes that occur are 
summarized here. 
 
(1). Displacement of cations can be along certain directions. These may all be parallel to 
each other, in which case the crystal is polar; such crystals are pyroelectric and 
piezoelectric. Otherwise the displacements can be antiparallel leaving the crystal 
centrosymmetric, but with a larger unit cell. 
 
(2).Tilting of anion octahedra can occur. Imagine slightly rotating one of the octahedra 
(Oxygen or Fluorine) . Then you can see that because of the linkage to neighboring 
octahedra, the other octahedra in crystal must also rotate in some way. It turns out that for 
perovskite there are 23 possible structures that can be formed by tilting alone. 
 
(3). Combination of displacement and tilt can occur. 
The archetypal example of first type is given by BaTiO3 Figure 4. Above Tc 135 ºC 
BaTiO3 has cubic Pm
_
3 m(Oh1) perovskite structure. However on cooling below this 
temperature the structure undergo an Standard Temperature and Pressure to a tetragonal 
phase, in which along one of the cube axes the cation are displaced with respect to the 
oxygen octahedra framework. The resulting space group is P4mm(C4v 
1
), a subgroup of 
Pm
_
3 m, although not maximal subgroup (it is maximal subgroup of P4/mmm, which is a 
Type I maximal non-isomorphic subgroup of Pm
_
3 m). This structure is polar and is the 
room-temperature structure. Because of the large dielectric anomalies associated with this 
phase transitions BaTiO3, and closely related materials, are used as high –dielectric 
constant in the electronics industry. The cubic tetragonal transition could in principle be 
second ordered, because the low temperature phase has a space group that is a subgroup of 
the high-temperature phase. In fact BaTiO3 undergoes other transitions on further cooling. 
Thus, on cooling the tetragonal phase, the cations now are displaced along the [110] 
direction. Examination of diagram of this tetragonal phase shows that there are 2-fold axes 
along [110] with mirror planes perpendicular to [110] and parallel to (110). That is the 
point group symmetry is mm2 (C2v), and crystal system is orthorhombic
1
. 
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